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- The Caliber ,50 Eroniqn Tosting Gun at the Franklin Institute has

~been used for the past two years in making firing tests on liners made

of a variety of materials and on gun barrels with a varisty of ecatings.

The objeat of the tests was to discover erosion resistant materials which

would' prove satisfactory under hyper-velocity conditions, namely, at

pressures between 56,000 - 58,000 p,s.i.(Copper) and mussle velooities
between 3500 = 3300 f,p.s, with a 45" tarrel. This report covers ap-
proxizately one hunired and £ifty firing tests in which the following
materisls were used either as liners or coatingss

ldnscs

Gun steel
Molybdemim

Nonel Metal
Z-nickel
Zirconium=nickel
Tantalum

9O Mo +10W
8sMo+1l5W -

80 Mo+ 20W A
OCr+2B5Fe+15Y
50Cr+45Fe + 5o
60 Cr + 25 Fe +'15 Mo

Sxatings

Flucrooarbon
Parco Lubrite
Oxidised gun steel
Cu on Cr
Cr on Cu
Cron Nt
Cr on ¥f on Cu ’
cron(Cn-Cu)nlloy

2nporphnu) steel

sprayed) on steel
Nipl

CObalt

B0 Co+20W

86Co+ 4 W

82Co+18 W

Duplex (Co + Cr)

Duples (Co + W) + Cr

¥o (vapor phase) on Stellite #21

Of these materials, the ones whish, as liners, give proaise of being
suffiolently resistant to withstand hyper-velooity conditicns are molybdemam,
tantalua and Cr base alloys, and the ones which give similar promise in

the fora of coatings are chromium and duplex plates with Co or Co-W alloy

as an undercoat and chromium as the outer woating
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SIMMARY REPORT ON THE BEHAVIGR OF LI‘O:RS AND SPECIAL COATINGS
] co! O I

As Lxperinental Conditiong

le Purpcss. The objact of the tes’ing rrogram sumnarized Solot
wes to discover a pure metal or an alloy wiich could bo--uaoﬁ as a ahoxft _
linsr or as s coating in a barrel of gun steel so as to reduce erosion and
lengthen the life of the barrel ucdsr hypervelosity conditions, All of |,
the tests were made in a calider ,50 Lrosion Testing Gun at The Franklin
Institute under firing conditions which were chosen 80 uto give the
caliber .50 bullet a hypervslosity, hence tke acoompanying ercsion was
prodused at a rate which was accelerated in comparison with ihst uml]q
experisnced, Doutle base powler coataining 20f nitroglycerin was us_od_
throughout (except where otherwise stated), the exact characteristics
required to give the necessary pressure snd velocity being determined
separately in each test,

o ISa Caliber .50 Ercsion Tosting Gup hes the follo-hc character-

istioss
- Length of barrel 45.0"
Volume of powder chamber (pre-engraved bullets) 1.595 h.’
Volune of powder chamber (Ball 42 and A.T, bunots) 1.965 in3
Travel of projectile 40,3"
Lard diameter L . 0e490" (or o.m')
Groove diameter . 0.510"
Height of lands 0.010" (or 0,C05")
nmmmumt-mm.Mt " -
attain full height 5.19"

Caliber .50 bell M2 bullets were used in the 0.500" bore and artillery

type tullets (banded) and Pre-engraved bullotl were used in ﬂn 0.4950" A

bore. The chamber, the origin of rifling, and tho bunot utt were lhlpd

%o receive a 20-um cartridge case necked down to hold a oalibor 50 bulht. s
An assembly of the caliber ,50 Erosion rnting Gun is shown on Fig, 1.
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Tao types of Mal nr@ used} numely, (i.) a 45" nonoblbc barrel
nnd (2) a 45" liner barrel,

A description of the 45" nonobloc urrol 1s shown on Mg.

4 description 6 the 45" liner barrel and the pressed-in liner
in plase in the carricr section, 13 shown on Pig, 3 and Pig, 4.

The Caliher o50 Zrosisn Testing Gun 1s described gompletely ia
ths report on the erosisa testing gun, |

3. Sorddtions of Firing.

(a) Poxmiax. I each teat the necersary conditions of hypervelesity
were attained by adjusting the charge as the result of -Mu nade
on the maximm pressures, during the first fow rounds, By combining a
certain per ceat of "slow® pomder with the coaplementary per osad of "fast®
powder (differing in wed thiohnu), it was possible to adjust the resultant
characteristics so as toorau .nﬂmwmﬁtﬁh the range 56,000
58,000 ped.(Copper) using the same weight of powler, The double bese pesders
used were made by the Hercules Powler Co. and the single base (IR type)
podm wore made by du Pont, The characteristics of these po'dm are

given in Table I below:

Total Valatiles _ — 1.57

Coating (added) 172 - &92 - (patr)

Residual Solvent — — 0.8
CONFICAIIAL
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R
Iabla I (conunuod)

m:.n.m.mum HiS 17704243 HE3_1770,107(49) Ex %008
Length (inches) 0.1735" L 0,0906" 0,0826*
Dianeter (inches) 0.1561 0.,0582 0,0659
Dia, Perforation 0,0109 " 0,0064 0,007
fed (outer) 0.0331 - -
Neb (aversge) 0,0309 10,0259 0,032
No, of Perforations 7 b 1

(b) Bullate A majority of the tests wers fired with caliber ,%0
Ball U2 bullets weighing 700210 grains, but in aan. cases sither pres
engraved tullsts or those of artillery type (banded) were used, The
weights of the P.k, and A,T, tullets were also maintained at 700310 greins,

The shape and dimensions of the artillery type (copper
banded) bullet are shown on Fig. 5. ,

Pre=ingraved bullets (P.E,) were used in tests to eliminate
sngraving stresses and determine the resistance of the material to powder
gas erosion alone, The shape and dimensions of the steel banded pre-
engraved bullet sre shown on Pige 6.

(o) Rate of Fire. Two firing schedules wers adopted as standard,
one of 35 rounds and one of 70 rounds. These schedules are designated as
Schedule X and Schedule II.

Schedule I (1) 10 rounds, pressure and velooity

» I ()20 * , erosion
. I (3) 5 * , bullet recovery
Schedule II (1) 10 rounds, pressure and velocity
L I1(2) 55 ™ , erosion
. 1I3(3) 5 * , btullet recovery
 The rate of fire was 4 rounds per mimite. At the end of the
schedule the bore was examined, photographed and gaged, This process was

repeated until the total number of rounds was reached,

CONFIDENTIAL
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For the tolting of the Yo liners more cevere schodules

~ were ndopted, Thase schedules are doscribed under the crapter related

to Yo liners,

Por the tasting of the Ho plated liners less severe
schedules were adopted, These schedules are described under the chapter
related to Mo plated liners,

(d) Prossure azd Valcolty. The word "hypervelocity® is used
in this report to indicate a velooity within the range 3500-3300 fys,
uhen & new 45" barrel is used, In order to give a caliber .50 tullat
such & velooity the maximum pressure in the barrel must lie within the
range 56,000-58,000 psi.(copper)s As erosion proceeds both pressure and
initial velooity lay within the prescribed range for each,

Neasurensnte of maximum powder pressure were made by neans
of a copper oylinder crusher gage, the acouracy of which is estimated at
5%, These "copper® pressures differ by about 20 per cent froam the true
plescelectric measurements of presaure,

Measurements of velooity were made by means of two screens
37 £t, apart comected to an Aberdeen type chronograph, The first soreea
was 8 £t, from the muzsle of the gun, Thlcowyofthiaoﬁnimth
estimated st 0,55, The velooities reported, therefors, are instrumental
voloci.ths at 26 feet from the muzzls,

4. Properties of Linars and Coatings. An examination of the phys-
ical properties of metala and alloys, supplemented by vent plug tut',u)

(1) A<143, "detals Tested as Erosion Veat Plugs® by Loeffler, Phair and
J_.!'lb.ko

rdo'//)




COAFINATIAL
—c-

has indicated that certain cnos wight possass ‘the requisite characteristiss
for ure as a short liner in a bari'al of gun steel, Since the behavior of
a given metal in a vent plug test otton differs significantly from its

'boh:v:lor in an sotual firing test, liners, varying 1n longth usually from _

5 to 8 mohu, were made and introduaod into the Erosion Testing Cuz, _
The pure metals and the alloys 1sted in Table II, together with scme of
their physical properties, were thus tested in ths form of 1isers,

o rahhlnahmthchndmiucnofﬁumMuul
unccntroluﬂ several alloys used in making liners,

* The properties of an ideal erceion-resistant ssterial are well
described in the Report of the Resistant lhﬁrhh Committes of Divisica
Cne, 15 January 1944, page 8, as follows: '

"(1) A combination of high melting point, high specifis beat ani

; hiahth-'-lcmuuty. such that the maximum tempsrature attained
-wmbumdunmmnnwmldtMp&tottho

'#(2) A high resistance to chemical resction with the powder gau.
st the tempwrstures attained by the gases and the bore msterial,
- »(3) Ahiahmhhmohwnhukuovuwby.n‘m

| vtnlquytomokmdorthonpmmuunlIooouumhol»

*(4) A high resistance to mechaniocal abrasioa, _ _
"(5) A hot hardness suff§olently high to prevent plastis M&uﬁm
wmmuuwnmmm.m-uaatmmmm '

‘attained by the bore surfuce.*

- ConPIDA
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1. Erosion of Gug Stosl, In order that _odmpariaon can bs nade

'bot.-«q the erosion shown by gun steel and that ahm when liners and

coatings are used, it is necessary to establish viﬁ some care just how

the progrou of .rociou takes phoo in an unlinod, uncoated barrel of

gun steel, For this purpou, two firing tests, used as controls, were

mede under nearly identical conditions with each of three types of bullats,

nanely, Ball u-z, copper banded artillery (dui.gmtod hereafter as A.r.).

and pre-engraved (designated hersafter as P.E,)
fmotonucdmhpuuthozndmlophrm{ofﬂubon

‘with the resulting loss in pressure and velooity, loss in range and ine

crund acourscy dispersion, This incresse in bore dhuhr my ocour
dthur by (1) chemical attack, (2) thu-.l effects (luch as selting or -
saftening) and/or (3) mechanical effscts, sush as swaging of the lands

| -usy'mmm-tmmm.hmmwmmmqu.

(s) Ercsicn Resistant Provartiss of Gun Stsel
~ Although the physical properties (tensile ntmgth, yield
point, dnotmty, otc.) of the gun steels are very good, the thu-l and
ch-hdpropctmmnotmubhtogingood pu-famneoinnlqpm 4

-» nlocity gun,

~ The failure of gun steel may be atiributed to:
- (1) Low Melting Polpt - 'I‘hohighpot.nthldoublohn |
powders necessary for an effioient kyper-velooity gun produce bore surface
t-ponturu in th. vicinity of the melting point of the steel (1450‘0).

(2) nmmmmm A ohd-

: eaiiynn‘!thcullydhr_dhycria formed at the .tul l_\n'faco_nrhroap'




«10 <"

round, Tbe depth of this altered layer is & funotion of the flame
temperature of the powler gas. This altercd layer 1a less resistant to
erosion,

(3) Lox bot hardossg - Gun steel (SAE 4150) shows a sharp
downmard break in the hardenss vs tespsrature and the yleld point vs
temperature curves, At the maximus temperature cbtained by the bore
surface a lowering of the hardness permits plastisc deformation of the
lands to ooccur under the engraving stresses,

(4) Poce rasistangs to chemical raacticn - Since gun stesl
is essentially iron, we have to deal mainly with the chemistry of irom,

| At the temperatures attained in the gun the powder gases can react with

the iron in the stesl to form carbides, oxides, sulphides and nitrides,

The erveiocn of gun steel, irrespective of the pomder and
mm»w.mm.tmoumurmmmmwm
nnhuthmiwotrmhm.

It is edarncterised dy:

(1) oracking of the bore surfsce

(2) "melting® or softening of the bore surface

(3) swaging of the lands 7

_ With double base powder a definite crack pattern can be seea

after a fow rounds, It has been shomn that an altered layer forms during
the first round fired and melting of the land corner is also cbserved after
one round,

..huu‘dmmdhmmmwdbymdtnu
of thersal erosion, |
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(b) Lroslon Tazta with Gall -2 (DY=3)s banded .
(iofa) 8nd Creeinrraved (2,7.) bullatae B
Tan control tests for onch *yre of tullel were firad uiing
"double base powder,
The lncreess 1n bore dianeter, the loss in jressure und
veloocity ard the round nunter for a loss in velosity of 200 fpa, ave
tabulated in Table IV. |

mmww

OV =2=200
Firing Rds, Yo Vo AP after AVafter £ra after-

mmmwm.m_m__m_.mmm_

E(F3) I 115 43700 3710 - 8900 <290 1.6 7.7 49
- E(P4) 1 115 62600 3720 -L5°00 223 16,0 10,2 1]
c(r6) 11 150 57700 3700 <1500 <215 23.8 11,8 0
c(ri2) 1r 150 57600 3700 13500 <30 13,7 10,7 100
Li(Fs) 11 290 57500 3700 - 7900 =234 25.3 19.6 215
) 1r 290 57900 3705 « 7000 <20 19,9 17 255

A compariacn of the distribution of erceion along the btore '
mrtaoo is shown on Figurse7 andg,

A comparison of the progress of arosion for the lande and
grooves at 0,5 fnoh dayond the origin of rifling ias shown Figures® andloO,

A comparison of the progress of veloocity and pressurs change
is ghown on Figuresll and}2,

The sbove data shows that

{1) Consistent erosion results can be obw when firing
eonditions are closely somtrolled,

(2) Pre-sngraved hullets eliainate the wear factor dus to
engraving stresses, The erosicn observed with P,Z, tullets is approximately
half of the erosion cbserved with BW-2 and A,T, bullets,
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(3) The progrous of rcrosion curves show that .the rates of
erosfon for 5.1 =2 ard A,7, bullets ore tha same for 35 rounds, After

35 rounds a sharp ‘reak occurs sooner in the curve for Ball %-2 bullots

tecause tha rifling 1s only 005" deep. With A.T, bullsts the rifling is

+010" and the break 1n tho curve cccurs after 70 rounds,
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Ce LIMMES OF B fuPuT T KILLS
1, k:blxbd«mum 1yl Molybdenum Alloyy, ' \\_A

The 2olybdenum snd molydbenua :lloy lincrs described in this
section were jrop.red by the Weatinghouse Kosenreh Loboratorles st

Esut éittsburgh, la. under Contrsct OEM-sr 915 froa alloys a-ds by

“ths Westinghouue Lump Divisioa at Bloomfield, N. J. under Contrzct

OFd-sr 1205. Tho detalils cavering tne msnufncture .ud the propertios
of the various molybdenum llners subaltted msy bo obtained from the
Westinghouse rejort.

(») Eropion Repistant Properties of Molgbdenus and Holybe

"deguy Alloys, The high melting point, better tuermal conductivity

and excellent chealcrl properties of molybdenum should produce linera
taut ure very resistsnt to thermal snd cnealezl attack by the powder

h gnses. Koiever, its metiod of monufacturs from pouder by powder amet-

allurgy gives asterisl thut 1s poor 1a physle-l progertics unless the
m-terizl 1s given the proper vork nsnd hent treataent. Bers worked
well in only one direction give a mzterlsl thet hus good properties
in only one direction. .

Many of tiie early liners tested did not have sufficient

working snd consequently they fsiled after a few number of rounds by

-eracking snd spalling of the metul froam the surface. These early

tests,. however, showed the superior erosion resistant properties of
molybdenum.
Low Hot Hardness, Wolybdsaum h:s been shown to be too

soft at the temperatures resched in a gun to withstsnd the ongraving
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atrnuaiﬂ.u. Unlugs the o h:.s bean hardened tie bore sill cnlarge
becnuse of the flutteailny of the liuds :nd a drop in pressure and
voloolty will be observed even thougi tne nateriul is resistant
to tne poader goses,

Low Coefficient of Fxpansion, The thermal coefficleat
of expunaloa of molybdenua is less then h.lf of the coefficient of
expsnaion of gun steel, In long erosiom bursts tae liner has moved
80 f.hnt the rltliné i3 out of line in ceses waere the interference-
fit has not becﬁ great cnough to hold the liner.

(1) Types of Fajlure. The types of failure observed
in ¥do liners may be usttributed to

Low Streaeth soq Puotility, This can be corracted
by proper uorkink ‘sad heat tre:ztzent to produce the proper streagth
and nicroﬁiructuro. |

| w This cen also be hbroved by
alloying with Ni or Co snd proper working and heat trentsent.

. Low Coefficient of Fxpensjon, This can be corrected
b: insertion in the carrier under a high shrink-fit interference or
assesbly in a carrier of t.ho proper coefficient of expinsion so that
support of the ilo liner i: maintained 2t 2ll temperztures.

The types of failure obssrved in fo liners tested
csn be grouped as follows:

(a) Swaging of lands at O.R,

CCNFIDERTIAL

o lh




CHIFIDENTLA

(b) dovesgni of tho Lipere -
(1) Fore:.rd movemeat of liner c:uuing the

joint bonesth the cartridge c.se to open.

(11) Plastis flow of metal ("ironing") toward .

the zuzzle end of the liner cuusing a constriction at the end of the _
liner,
(111) warping of siavu c:using s constriction
At the breech end. ‘
(iv) lioutloa of liner csusiang a miniimen‘t
of tae rifling. ]
(v) Opening of the seans.
(c) Crscking of the Linore
(1) Long-tuainal cracking - this ususlly
occurs 1n the center of the grooves. '
(11) Transverse cracking. |
(111) Surfase checkerwork cracking cused by
the thermsl stresies at the bore surface.
(d) Scalliag of the Hetaly,
| (1) Along ﬁo’ adges of the a;qﬁ.
(11) At tos land crossing of straizht sesas.
(111) Ewsadting from tool mrks on the surface.
(b) ZErosjon Tests on Molybdenum Liners,
(1) w The follosing voriibles ucre -
tested in the firing tests outlined belows '

(n). Composition
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- (b)

(n)

(c)
(d)

- (o)

(¢)
(e)

One

——————
CONFLDR TG

Smooth bore and rifled linors

Seanless ead multlest.ve llnors

Stridlght and hellosl twisted lincers

Proecision twisted liners

Liners with and without shoulder

Varying interfersnce between

liner and carrier

Liners with snd without body taper

of the nost importsnt variables nhich was hard to

control was the microstructure of the material. The progrea has now reached

a point where muterizl having good aicrostructure csa be consistently

Wg

(2) Firing Schedyleg, The superior erosion resistant

properties of lo mede necessary th; use of & more severe erosion schedule.

Schedules I énd IV were used on the }{-gﬁ group of molybdenum liners. The

propertinea‘ of taa asolybdenum have beem improved in 't.ho l:st liners tested,

10 rounds Velocity % Pressure
130 rounds Erosion at 6 R.P.U.

Sghedule IIL

" for superior erosion resistant liners. These schedules sre sz follows:

; Group I

CONFIDFNTIAL

80 that the most severs firing schedule IV has now been adopted as standard

After examinution and gage measurement the process was
" repeated to failure. | |
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10 rounds Velocity x Prauaur? . Group I
90 rounds kroston =t 10 to l& F.P.Me
10 rounds Veloclty & Presuure ,
190 rounds Erosion tt 10 to 16 Re2.'e Group It
10 rounds Velocity % ?ressure

20 rounds Eroslon at 10 to 16 K.t.M.

Group IIL

10 rounds Velooity & Pressure
230 rounds RErosiom:at 10 to 16 R.2.il.
10 rounds Voloclty & Pressurs

Croup IV

)
)
)
)
)
)
)
)

(3) Barxel Iomporature Meesurementss Teaperrture moas-

urements vers m~de by att:ohing iron-constantsn therzocouples on the

‘oatside of the barrel st 10-1/2* from tie breech, The thermocouples

were peened in the steel surfrce nccording to the procedurs described
in the Lﬁds % Norturup Report under Contract GEd-sr 536. |
The barrel temporstures reanched in sxch of the
firing schedules are <8 falloaus
Tenp. after 20 55 9 130 190 280 290 rds.

Scijedule
I 9% - - - - - =
I - 1l#s¢ - - - - -
11 - - - e - - -
1v | = = 2849C - 416°C 500°C 502°C

(4) Summayy of Results, Table V gives a ciaronological
145t of the molybdenum liners tested in thls prograa, Tests prior to
l‘.irihg test E(F33) were sade on Mo material that hsd inferior micro-
astructure and hence inferioi' physical properties. The details of each

firing test «re given in the Appendix. A summary of the results of
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tha varisblos teated ls as followas o
(a) SCmooth bors liners: The ﬂrst do liners
tested nod inferior physlienl properties nuau fnllud la the first few
rounds fifcd. " Emooth bore llnors nere teuted to elimin:te the na-
ehlne #ork of rifling until asterinl of satiufrctory :trength znd
ductility coul.d be produced. |
Five smooth boreblineru aars tosted

(E~F7, E-F10, E~FLl, K-P12). | |

(v) wmm_&mm The firat
five Mo linors tested (X-F5, E~F6, E-F7, E~F10 and E~-FL1l) vere
drilled f{ron agweged bars. These liiers frlled bedly f:y longitudinkl
ocrzcking becnuse of inferior physical properties.

ALL liners teuted since these huve beea mcde
in the form of staves. Tha stuve liners permitted the use of molyb-
donum huving lover strength und ductility., As the#q properties 2re
faproved it oy be possible to use seamless linerse

Two-utave, four-stsve snd teﬁ-atéve liners
h:ve been testede In the Ciliber .50 gun there hes been no advsntage
in making a liner with more thsn two stives. A theoretical discussion
of . the. stresaei in multi-stave liners '13 given in Armor aad Ordpance
Report A-273 by Brace and Marden. |

(c) Straight end heljcsl twi_.g— ted liners: In a
mlti-astsve lh::er uith straight seams, the sesns between the staves 7
cross the lands. There has been serions:spalling and te.ring of the

metal ut these lond-sexm ‘orossings due to tne mpact of the bullet on

CONPILYNLTE
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mstorial of los atrength end ductility, Ao the utarlsl b 3 been
inproved tha exteat of faullure .t the lund=jora croscinga hua been
roduced, Howesver, it can be uf.r.tod ta.t » hellc:l tulstod tuo-st:ve
liner a:.de with molybdenum huving the best oshysical urosertics proe
duced today, 1s in better conditlon than s straight tuo-stive Lincr
after being fired tne same numbar of raunds,
A comprrison of straight snd helical twisted

Liners s shown in Tests E(F47)and E(P49) fired 1133 end 2022 rounds
respectively, (See Appendix-peger 111 and 112,)

(d) Ef£L30% of integral shoulder, Tests E(F33), E(?36),
E(¥39) and E(P57) were nucde on liners without an integral shoulder, All
nnoﬁ tosted to dite mnde without sn integral shoulder thut were fired
on Schedules IIl «nd IV have moved forward and produced ani opening at
the resr joint beaneath the cartridge cuse. Extrusion of the brass case
into this opeaing prevented extraction of the cuze and stopued the test.
_ The results of these tests asnow thut a liner with
an integral shoulder is necessary for the best performance, ﬁslng the
best Uo that is now available. (See Appendix-pages 1C8, 107 and 117).

(e) Prsgision twisting of stsves, The stuves i.n
Tests E(F42), E(745), B(?54) snd E(F55) were precision twisted by the
NWestinghouse Resesrch: Laboratories at East Pittsburgh. The other
twisted liners were hot twisted at Bloomfield snd them macilned to size.

The results of the test show that with good maw |

terial there is no advantage in performance with a precision twisted
liner.
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(f£) ¥erziog Ln}nrfornnca‘betwén linor sand cerrisr,

: ,_'xll Maors tosted hsd laterference botumi the lincr .na the curricr.

This Literference vﬁrled from '0.0015" to 0.0J/." on tho dlinmetar.

The touts showed the but parfor'nnncn ls ob

- talnad with the gro-:tost. interference. It iz necessury to cool the

liner zad hoat the corrler viten thaere is lnuertion intorfurence of

- 003" and 09'04'0

(g) Liners with :nd wjithout Mv 2 ng;, One liner
#as inserted in the osrrier without tny cody taper und fired 2024 rounds

in Test E(F50). Compared with its companion t~at £(F49), which was
fired 2022 rounds, the taper did not affect tne performance. Body taper,
bowever, makes the liner insertion essisr. (See Appendix - pages 112 and 114).

(b) Cosposition, Pure molybdenum has been shown to
be too aoft to withstand engrnving stronu. -The addition of szall a-

‘pounts of nickel and cobslt and 151 tungnten hprm the strength and -

hsrdness with me azune'enonnt of forging (hot working)e A compirison

of ther effects produced by the addition. of these metals is shown in the
following Lshl.os The sdvance of t.he 0.505' land goge gives a good

measurexent of the extont ol' swaging of th- 1snds,

:esg : QM e dvanco of 0,505® Gage after 300 rds,
. E(rs6) . o (pu.re) A + 1,02
"E(P4L5) Mo + 0,01% Ni ' T 40,07
E(F36) "Ho + 0,058 N1 S + 0.9
E(F47) Mo + 0,1 % Co _ + 0,05
"2(F49) @ Ho+0,1%C + 0,03
E(F5Q) ‘Mo + 0.1 % Co o + 0.07

s(m) L MoslsEE O +0.%

Those resnltl nsve shown the composition with
0.1% 00 to give the best and :nost consistent perfomnco.

CRFTTATIE, )
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The 'uuperlor'eroﬂon restutent proertics of -
molyblenum rre clearly snown in tha Following t:bluu .nd curvoa‘.v

Tablosa VI and VII compire the eroslon ree
siustnnce of Mo rnd gun steel,

The groove guke me:surements «re taken up b'olngv

more Treprescntative of resistunce 0 a5 erosion,

TABLE VI - CCMP/RISON OF +DVAICE OF GROOVF GrGES

1 2 3 4

Cun Steel Gun Steel Molybdenua Ho + 0.1%8 Co

Gago Din, After 115 Rdy, After 70 Fds, Af%er 204 Bds, After 2022 Pdgy
0.513 .+ 6.8 - + 0,05 + Udd6"
0.515 + 4e25 - + 0,07 + 0,14
0.517 +- 2437 + 6.00" + 0.07 + 0,09
0.519 + 1,45 + 5,29 + 0,07 + 003
0.521 + 0.88 + 1075 ' + 0'07 ’ + 0001

Colusm 1 — Using 208 NG powder znd Ball M4-2 Bullets
Columa 2 - Using 40% NG powder snd Bull U-2 Bullets
Columa 3 - Uving 40% MG powder snd Ball -2 Bull:ts
Columm 4 = Using 208 NG powuder and Ball M-2 Bullets

Figure 13 compsres the profile of the groovei of gun
stesl liners fired (a) 70 rounds with 40% nitroglycerin powder, (b) 115

" rounds with 20 nitroglycerin powder and molybdenum liners fired (a) 294
rounds #ith 40% nitroglycerin powder and (b) 2022 rounds »ith 20f nitro-

glycerin poader., These data show the sbsence of any powxder gas erosiocn

“of the molybdenum surfice even with the highly erosive 40% nitroglycerin

powdcr.
The 1land guge me-surements: in Table VII shos the ex-

teat of swaging of the molybdenum..

- CONFIDEHTIAL
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IoBLE VIL ~ CouR RICod OF DV NCE OF L.upD G:Grs

Gua Gteal " Mo+ Q.% Co

" ifter 11 Fus. 1fter 2022 Rds,

Gugw Disg - - . 2% _NQ Posder : 0% NG Powdor
0,501 + 18,7 + 5,03 v
Ue503 + 145 + 2,96
0.505 + 1113 + 2.15
0,507 - + 9,0 + V.17
00509 + 6.6 - 0004
0511 ™ - + 39 - 0,15

!‘1,;uro 14 conpcxru the profile of the lunds of

a gun,btnol unnr fired 115 rounds with 20% nitroglyserin powder

snd a nolybdenum liner fired ¢022 rounds with 20% nitroglycerin

powdu'. Since the groove gngou sho-.d no powder gos oroai.oa, tho

chnngo in the l-nd- profile of the molyblleaum liner is duo ont.iroly

to tho luuglng action of thn bullat.

A com;» rison of the presauro chsnge thn gnn steel

liner is shown on Figure 15. Curing the tqst of E(!‘I._Q) the lolyb-

dequm liner outlasted three new chrome plxted auzzle sections.

A sumcary of tue Tesults of 1l the molybdeaus

liners tested - fter Test E(F33) is given in Table VIIL.
(5) Ustzllographic Exaainstions Sections of soze of

the flred lincrs were sent to Hamrd Universlty tor netallographic

. exanination.’

The results of tnese qmin..tions may be obt.alned from

the Herverd Roport on "detallograpalc Exemination of Gun Liners and

Coatings Tested under Hypervelocity Conditions®,

e
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shows

(6) Qnmhnhm
_The re-ults obtained in tontin:v ‘the lwlyhdomn lincu

~f(a) \hlybdemm 13 co 1plately raslluant to powder gs.l

) _'atta‘ck. There »as no cro'!ion at‘ter 2294 rounds with « doublo base powder

containing 40% rs.troxlycorin, or arm- 2024 rounda -lth a douhh base

'_po'dor containing 20% ritroglycarin. .

(b) ’nzo tailurca ob::erved 1n 'rho o netnl now boi.u

‘prcducod are (1) Longitudiml cracking, - (2) Spalling ‘and (3) Swaging

of tho hnda at the a-igin ot rinlng. B v N
{e) With the ;raannt. ‘.'o metal the following oompod-

. tion and design chuncuriatict have given tho test rooultn ina unor
.tor maxinum portmco under h:pemlocity conditionn V

1, Conpoamon - Molytdonum + o.u cohd.t.
2, Tao-Staves - Heucnl Seans - llof. tvd.sted.

‘3._ Snouldar - 0,330" to 0...:.0" O.D ulth 1/32"
face and 3/, length

4. Body of Liner = 0.770% to 0,780% 0.0, =
7-3/2% length with taper 1/32 1n/ft.
dianeter,

5. Inserted in Standard Carrier (s.. Fig. 4)
- with 0,003" interference on the diameter,
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CUFIDYNTIAL

. 2y Chrome Bnge Alloxis,
| - Thq chroae base nlloy liners described Lln this :mct.lpgx'
were préparod by The Climax llolybd.emm' Comprny un.dc‘r Contrect OFd-
or 1273, The details coverin; the methods of munufscture wnd prob-
orties of the varlous lluers-subulﬁted ury be obtained from the
Clinax Holybdenum report. o )
() -ros og R 1o Chrome Base Alloys
chrcllna has a ualting polnt taat 1: high enough to resist nelttng in
the boro of a gun u«nd im also chellcllly ml.ab\nt to tne powdor gnneu.
Erosioa vent plug teats (1) have stiown thiu untal to be one of the few
motuls thut is.rnniatant to powder gas attack, Qo-ovqr,»tno physical
propertieas of nolid chroaium are very poor in thnt it is very brittle,
The object of the chrouo bzse alloy progrem has beem to find soge '3 N
loying ageats thut would atill retain the erosion realst&nt propertiocs
of chroniun and st the sume tino impard ductility snd strength to the
resulting chroatam alloy. |
In the liners teatod iron, tuagsten znd molybdenu- heve
boen added to chromium in verying percentagto.
(1) Iypes of laglure Obserysd, In genersl the types
of fallnri observed in ths testing of thase liners nuy be attributed to
Low Ductility, The longitudinal crscking observed
1n a1l the liners tested is dus to tae inhereat Low duetility contrib-
uted tq the high percentage of chromium in the al).oy.
Large Grain §; LN Severe checkemork cracking 1is
ohgorved,enuaéd by th¢ thermal streszes set up on the Lore surfice.’

These cracks usually follow the grain boundaries znd beczuse of tne

CONFIDFHTIS




Il e

brittlenesa snd l:rge grein size of the .lloy, isol:toed:.blocks of
the alloy are tora from tae u:rfrce thereby procucing » ;‘hv\?rely
pitted appesrance.

The types of fullures observed nre us follows:

(a) Longitudinal cracking of the liner.

(b) Trrnsverse cracking of tihe liner - observed
only in Test E(F58).

' (¢) 2itting of the surfaed.

(d) Volume chunge producing &« constricted
boro'thonby rélnlting in excessive powder pressures,

(e) Slight erosiocn of the bore :urface - only
in the liner containiag 45§ iron.

(% Erosicn Tosts on Chrons Bege Allove,
(1) ¥:risblep Tepted, The following vsariuhbles were
teated in the firing tests outlined balows
. (a) Composition _
(b) Method of sup:orting liner in cerrier

P

(c) Twe-stave - Utraight-seca liner
(2) Summapy of Regults, Table IX gives = chronologicai

1ist of the chrome bsse alloy liners tested in this program. The de-
tails of eseh firing test re given in the Appendix, page 1s,

The best composition tested to dste is 60% chrumium,
25% iron and 158 molybdenum. This composition 1s resistant to powder
gas attack end is also hard emocugh to resist swaging at the tempera-
tures resched in tne gun.
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~ The results of all ths liners tested may ba sumarized

by atating that they all fniled due to croclking: long-itudinai, -transverse |
and surface oracking, V _ . |
The method of maerfing the Liner within another shroae
base alloy liner so that tho inner liner is under high cmprouiv. atreuu ,
failed to prevont tho longitudiml cracking. |

~ One liner was made in the form of 2 staves (Test E-F58)
in an attempt to reduce the longitudinal cracking., Results showed the
2 stave liner did no_£ ieduco, longitudinal cﬁcld.ng and .thit transverse -
oracking sppearsd, This is the only liner in the chrome base seriss that
showed transverse oracking, - |

The test data on all these liners, however, show the
chroms base alloys to be superior to gun stesl and stellite /21, but ine
fortor to nolybdema, | - -

(3) Metallcerashic Emization, Sections of the fired
liners were sant to Harvard University for netallographin examination.
The results of thess examinations may be cbtained from the Harvard repart
on "detallographic :xamination of Gun Liners and Coatings Tested under
Hyper-velocity Conditiena' | |

(4) ssm.lnum..

The capoo:l.tion 60 Cr + 25 Fo + 15 lio 13 ercelon re-
siatant under conditions of hyper<velocity. The hot hardness is also great
enough to resist swaging under engraving atresses,

o Th. elimination of the t@qnq-to crack and the reduc-
tion of the grain size will produce gun liners suitable for a hypsr-velocity

-gun,
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'3, Tratalua Linerse ‘
Tae tontulum llanrs deseribed in tiis seetion were prepired by '~

tiae Fanstoel detallurgicnl Corporation.

(a) Brosion Reslutnnt Prosjerties of Tuntalug, krosion veat plug

(1) hava shown this metal to be one of the few motuls that is reslstant

tosts
t.o' pouder gas sttack. Since tho melting point is sonewhat higher than zolyb-
ceoum it 13 not surprising thut the surfuce of a tantslua liner should show
no Qiml of tanrmel erosion by the poader gases.
| However, beeruse of the scorsity of the metsl it could not be
supplied in the quantities required for gun liners,
(b) Erosion Teuts on Tantalus Linerss
(1) Yerisbles Zosted, The following varisbles were tested
in the firing tests described belows |
(a) Smooth bure liner
~-(b) Rifled liner

(2) Sugzsry of Reg:lig, Tw#o liners vere tested with double
base powder, The details of these tests are given in the Appendix (pege 121).

The results of these teats show
(a) There wzs no evidence of powder gas erosion.
(b) Roughening of the tantalum surfuce inuic:ted there
- night be sone galling action betw@ the tantalum surface ond the bullst.
(c) There was no cracking of the surfzce., This indiceted
the tentalum has a high r;sshtlnci to thermal shock.
(1) The tantalum tested was not hard enough to withstsnd

the abresive action of the bullets, Further work would be necesaary to hardea

CONFILRNTILL
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the tantalum to make 1t satisfactory for a gun liner,

(3) Concluaiona,
Tantalus resists ercsion under hyﬁén—volocity

conditiona, hutvlta scarcity prevents its use as a materisl for gun

1liners,
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4e Stellite Linors, |

The atellits liners described in £hia soction were boro-drilled
and riflsd at the Crane Company undsr ‘Contraci OEN-ar 915,

(a) m:.mum&.mmmmt.mm Stellite is a
*hot-hard" alloy, having a hardness high enocugh to resiest anging’ of the
lands during engraving, It ia euintiully a cobalt-chi'ouium;golybdonui
or tungsten alloy and is reliata#t_to' chemical attack by the powder guio. |

However, it has a melting poiat lower thn gun stesl, being
1250° - 1300°C, o , o |
The property of prime iaportance is the hivgh'_nniltmo to
tullet wear (swaging and friotion). |
(1) ZIypes of Fallure Observed, In general, the types of
failure cbssrved in the testing of these liners may be attributed tos
Lox Melting Point. Helting of the surface in all
liners tested with double base powler (flame teij;-nturo 3560°K)
The types of fallures cbserved are as follomss
(a) Melting of the bore surfnﬁ. by double lase
(b) Surface cra_ckh( cmused by the thernal stresses
st the bore surface, - |

(b) Excsicn Ieats on Stelllte Liners, .

(1) Variables Tegted, The following varisbles were tested




Coe byl

in the firlng tasts outlined beolow:
(a) Conosition, The ftelllte £22 linors h ve approxi-
untoiy 4¢5% tungaten and in the stellite #21 linurs the tungsten ls ranlsced

by mlﬁdani..

(b) rogellagg Powder Conposition, Stellite liners
were to»tod under hyparvelocity condltions using the followlng ponders having

dl.tfercnt potentialas and flene teaperatures:

RIX Double Base

DR (R 1Tpe) {208 8,G)
Nitrocellulose 86.M 50.0 77.83
Nitroslycerin - - 20.09
Diajtrotoluol 8,7, 10,0 (coating) -
CIMLtC . . - 45.0 -
Dibutyl Tartrate - 4e5 -
Potassiua Sulphate 0.65 0.7 1.09
Diphexylamine 0.77 V.5 0.76
Adisbatic Flaze Teap. (°X) 2940 2965 3560
Velocity of Projectile at ;
© 26 £t 1n fep.se 3500 3625 3700

(2) Sumgery of Results, Table X gives a list of the stellite

~ liners tested in tiais program. The details of each firing test are given in
_ the Appendix (page 122 ),

The results of the liners tested shows

(2) Stellite is not resistant to thermal attack by double

~ base boqhdou. Melting of the surface occurs during one round and 1t is prac-
 tically imposaible to establish load.

(b) Stellite is resiatint to attack by aingle base

(LJR Type) and RDX {CR. 1 Type) gowders at the slow rate of fire in the Cal-
. iber .50 Eroaion Testing Gun.

. , A comprrison of the extent of failure of ths stellite

~ liner with double basc powder after 85 rounds, with IMR powder after 1562
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rounds and RDX (CR,1l) aftor 1023 rounds is shown on Figure 16 and
Figure 17, |

Figure 16 gives a compariaon of the prea.nuro
change as a function of ti.e rounds {ired,

Figure 17 gives a comparison of the advance of
the land gages and shows a profile of the ‘rospsctive bores after the
above number of rounds,

(3) Conelusions, |

The success of a stellite liner in any particular gun
depends mainly upon the gmount of haak (heat input) transmittod to the
bore surface.

The anount of heat transmitted to the bors surface is
deternined bys ' ‘ |

(a) The flane temperature of the powmder, (b) powder
charge, and (c) duration of heating; and in a particular gun the heat ine
put to the bore surface can be changed by - | | -

(1) the rate of fire, (11) the lohgth'of buflf.,
(111) the cooling interval between bursts, and (1v) the roughness of the
bore surface. ' ' o

Sinoce it has been shown that stellite is resistant to

I¥R and RDX (CR,1) powders in the erosion testing gun at & rate of fire

of 12 R.P.M., this will not be trus when the cyclic rate of fire is changed.

The low melting point of stellite is a liniting factor
in its use as a liner for a bhyper-veloclty gun,

~ CONFIDENTIAL
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5e  Hickel Bnneg Alloys,

Tho tensile uvtrengtn nnd not h rdnoss of uone nickel clloys,
esocclally Z-nickel, r1e s»:tiufnctory for gun linors.
Tuble XI glves » 1ist of the nickel buse ulloys tested. The de=
tails of theso tosts rvn glven in the Appeadix (page 125 ).
The test d' ta anows ‘
(1) lonel =mutsl gave tis same groove ervsion as gun-rtt.eal
but the land eroslon »:.8 twlce us great, Thls indicates greatar bullet
wear of the monel metal l-nds, N
(2) Z-nickel., The erosioca observed was unlike thet of gm
steel in tiut the deep thermal cracks wers sbsent, but the surfice of the metal
on both lends and groaves hud a pitted appearance as if chunks of zetal hed
been torn loose from 1t. Gogs messurements showed thet the loss of metal
differed 1little from that of gun stesl under the sume conditions. This type
of erosion, nsmely, shore crscking takes place along the crystsl boundsries, -
i3 charscteristic of nickel and its alloys. .
(3) 2Arconium nigkel, The grooves siowed little wear but
severe therwal cracking around the nickel crystals. The landa were worn
more severely than those of mum steel under the same conditions. ,!'O_r. tao
inches beyond the O.R. the lands were flattened out showing lnsnfﬂciqnf
streagth to withstund the eagrauving stresses. S
(4) Conclusions, Nickel base alloys fail by intergranular
attack tnd are not suitable s gun liners under conditions of hypervelocity.
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6y Stlicon Stool Lincr,

X-ray exasin: tion, by Dr. Posjnuk of tie Geophysic-l Luboratory,
of tho bore surface of gunh fired olth double bese porder showsd u hijh per-
contage of oxide of iron. Firing touts with lron powder snd ferrosilicon

- powder nixod with the double busae powder by Dr. Posjnsk shownd that the

reducing properties of forroauioon posder hud provented tho formation of
iron oxides It was hoped thnt the addition of silicon to steel would alao
preveat the formntion of iron oxide on the bore surface. |

A liner of silicoan steel, containing approximately 4.7% silicom,
waas fired 7 rounds. The liner cracked so budly it wus :I.:iféaalblo to coatinue
the test. The grain size was so0 lurge th:t the materlsl was too brittle for
use &8 & liner meterial. A 4
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Dy FILMG AND QOATILGT
| 1, Qmm Plata,

The elsotroplating of the linars desoribed in this seation was
done at ths National Burcau of Standards, except where otherwise indi-
cated, The conditions and details of the plating procedure may be obtained
from the Bursau of Standards Report,

() Ereglon Fesistant Propertica of Chrcpdvm, Chroaiun hes a
melting point that is high enough to resist melting in the bore of a gun

‘and .h.also chenically resistant to thes powder gasos. Erosion vent plug

tests (1) have shown this metal to be cne of the fow metals that is re-
o_iq!:ggtv to powder pus attack,

However, the metal has very little ductility,

(1) ZIvpes of Fallure Cbgoryeds In general, the types of
fallure observed in the tuting of chrome plated guns may be attributed
tos

Low Ductility of Chrowe Tlate, The checker-work crack-
ing which aprears on chrome surface is due o the inhersat low duotility
and brittleness of chrome plate.

Fomation of Altered Stool Laver,. See paragraph (f)
on pag§ 16, '

The types of failure observed are as follows:

(g) Cracking of the chrome plate producing a block
pattemn, |

(b) Pitting of the chrome plate caused by the removal
of a crack-isolated block of chromium.

(c) Abrasion of the chrome plate on the driving edge
of the lands, | |




- -

(4) ~ Seoring of the exposed gun ateel and undercutting

‘of the chrome plata,

(2) ifsciantaa of Ghrene Ulate Pallure wider fivcersvalogity

Gonditiong, Tha erosion of chroaiun plated bores, preseats two separate
'probleni: (1) the erosion of the hufol, which coatrols primarily the

acouracy life of the L] and (2) the erosion of the foreing cono, which
controls primrﬂy the mulo velocity of the mu.t. The fallure of the
chrome plate, if 1t has been plated properly, slways begins at the treech

end of the plated bore with the result that the accuracy life is always
‘greeter than the velooity 1ifs of the gun,

| Observations show that the failure of the chrome plate
usually follows the same pattern, Eriefly, this pattern is as followss
 (a) mmmmmw There

is some evidence that oracks in the chrome plate are . dnri.ng elec-

trodeposition, Such cracks often originate at the nou.nmmc inclusicns S

in the chrc-hm-otool interface and occu!.onally do not reach the top sure
face of the cm'c-iin.

After firing a few i’oimdo; tﬁuo cracks are wider
and if not originally present, a new set of cracks has formed due to the
expansion of the bare by the firing pressure, Also the chrome plate has

" been heated by the powder gases and in partially arnealing contraocts
' linearly, varying from 0,1% for L.C. chrame plate to 1,0% for H.C. chrome

plate,
~ The stroasu on thc chrone phto surface set up
by the above conditionl m too high for tha brittle chrcuo plato with the

h LN
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remlt_\ that the plats oracks, The produotion of a more duotile plate -
_would irogtly help the performance of the chronme phté‘o

() Qurliok up of the kdges of tha Blooks, thorchy
Givipe the [urfuco o Frigkled Aopearances v'l‘ha stresses and clanges oo=
curring at the bore surface during {iring soon cause the odges of the
chrome plate blbcka to curl up, This usually results in lnorecased re-
sistance to the movement of the érojootilc resulting in an increase in

poxder pressure,

(e) Pitticg or femoval of Snall Blocks of Chrcae
Plate in the Bore Ares bevond the Forolng Coge, This behavior is an ade
vanced result of the fallures desoribed under (®) and (b) above, The
inpect and the friction of the bullet cause movement of the dlocks of
plate, Netallographic exanination (2) has shown blocks which are no
longer aligned with one another, ’ .

Continued impact on these blocks soon camuse their

removal leaving exposed stcel in the case of the thicker plates or exe
posed altered layer in the case of the thinner platelis

(d)
Seat, Eecaﬁae of the geometry of the bullet seat, the edge is probably

the hottest part of the bore. Fallure of the plate usually 8% at

this point and continued tlring causes undercutting of the remaining

chrome plate on the bullet seat area and the advance of the plate failure,
(o) Removal of Cirone Plate frow the Lands, Engraving

types of tullets cause complete plate removal from the land ares. This

usually starts at the point where the lands reach their greatest hb:lght.

(AT

(2) Hervard Keport, ™letnllogriphic Exauin: tion of Gun Liners nad Cotings
Tested Under Hypervelocity Conditicna®.
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Thins fallures suggests that the atoel boneath tha chrome plats ia deformed
slightly,

With pro-engraved bullets tha renoval of chrome
plate starts at thae driving odgs of the landa, Coutlnued firing causes
the advance of the plate falluro toward the muzsle and across the lands
to the non-driving edgas until the plate is completely romoved from the
land ares, The rate of fallure, however, is considerably lesa than the
rate of tnilur§ ocourring with the engraving type of tullota,

(f) Spalling or fomoval of Large Areas of [lata dua
1o Undergutting of the Plate, The incresse in the width of the cracks
peraits the hot gases to reach the steel beneath ths plate, In thin
plates, the oracks traversing the chromium nushroom into cavitles where
they meet the altered stcel, Those cavities confine themselves to the
altered layers and ssldom penetrate into unaltered stael, Crowth of
these cavities soon undercuts the chrome plate and causes ths removal of
large areas of plate,

However, if the chrome plate is thicker than the
oritical thickness necessary to prevent the formation of ths altered
steel layer, there is no undercutting and the chromium adhersa well to
the steel surface,

A The pitting of the chrome plate surface described
under (¢) produces small areas of exposed steel or areas of thinner
plate which are now local points of weakness in the plated surface, Con-
tinued firing soon causes undercutting of the adhering plate emanating

from these areas of weakneas,
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(b) Lmhn_mn_m_ﬁhmwm_ﬁnm. ,
(1) Yariables T-gtnd, s The following veriables werw tested
in the ﬁrlnw tonts 1igted 'n Tadble "7
(a) .__[pqg of Slgggg g{g&g. Two typos of chrome phto _‘
 wora tested: naholy, Stapdard ohrome phto, designated as H.C. (High
Contructipn)’ because of its high 1inear contz.'notion‘vhon ‘heated, and Loy
Qgg&m_t_m chroma plate, designated as L, (‘ o
_ » (v) w Chroniulu plated on 2
types of surfacess ranely, rachiped gun steel, and electropolished gun
steel, o | ) |
' | (c) Inickmess of Flate, Plate thickness varied from
Co7 1 to 10 uils, | '
o (4) Wmm Three types of bullets were
- epgrxvioe tyre, such as Pall ¥-2 and coppcr banded artillery t,ypo, '
w steel banded, :nd Yobricated pu_mmm stsel bandd ’
(’areo-Ln'brized). 7 , 7
(e) Mﬂ. ‘fhreé typa§ of povlef were used
IR, 20% x,0%, Dggb_],g Bage, and Bzllistite, a double base povdu' contdn-
 ing 408 nitroglycorin.
(2) -guwwary of Results,
Table XIT gives a list of the chrome platad limu and
barrels tested in this rrogran, The details of each ﬁ.ring tost are- g:lm S
in the Appendix (pngo 1, ' |
A mr:y of the reaults of the variablee teatod h as
followss o

(2) Tyoe ol C mg Platg, 'ho ty'oos of chrone phto

: C"H SNT
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wera testeds (1) Standard, or High Contraction (H.C.), and (2) Low Cone

- traction,

"~ Tha essential difrérqnceo in these two types of
p]atéa ares | '
(1) ”*andcrﬂ nlate ccntraota linearly, about 1,03
and low contraction ;xhto contracts about 0,13 uhon heated to 1200°C, _
( 2) Standard plate has a hardness of about 900

Erinell and i.C. plate has a ha.rdneaa of about 500 Brinell,

(3) L.C. plate has a lower chromium axide contont.
A The phting conditiona ers also different, Stande
ard plate 13 usually denosited at 50°7 and 20 amperes per "qu‘sn decimeter,

Low Centractiom plats 1s depcsited at 85°C and B0 amperes per square decie
aster. The exact conditions md procedura for phting may be obtdnd

from tho Bures.u of Standarda Ro-aort.

- A comparison botween the porfonanco of the H. Co and

LuC. plates vas made with 1 mid and 5 il plate thickness using both en-
graving tyres of bullets and pre-engraved bullats. |

The sunnary of the 1 mil results was obtdnd from
Teats J(F10), J(F11), and :(1-'15) for the engraving type bullets and from '
Tests J(F6), .r(nz), and 7(1?13) for the pro-cngrand type bullot. 'Iho re-
tulta of these tests shows |

(1) . Using engraving type bullotl (call 3-2 and
A.T.), the L.C, plate was slightly better at tde begi.nning, but as firing
conumud, plate failure on the hndc and gx'oom was - p-uter tban ob-
aorvod with H.C. plate, -

- (2) Using pre-engraved 'm}.lats, tha L.C. plate s
lass emked, uore adnarant and genera.n,y less eroded than H c. phto.

17
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The suunary of .the 5 nil results was obtained from
Tesls J(F20), J(F24), J(F27), J(F34), a}ﬂ‘g(sz.o) for the engraving type
bullets and froa Tests J(}1€), J(rl7), J('r']:'i‘), and L1(F8) for the pre=
engraved type bullat,

The results of these tests show:

(1) Using enyraving tyf_.»e bullets the type of plate
applied to the boro surface is of little importance, ‘

(2} Using prc-cngraved bullets there is less pite
ting of the L.C. rlate and less wear on the driving edge of the L.C, plated
lands, 1In general L.C. plato was slightly better than H.C. rlate when pre=
engraved bullets were fired,

However, because of the difficulties encountered
in plating 45 inch barrels with L.C, plate to the desired dimensions, the
slight improvement in performance did not warrsnt further develomment,

(b) ZIype of Sore Surface Plated, Chrome plate was de-
posited on two types of gun steel surface: namely, electropolished and I'

rachiped, }
Hachining ray leave turrs and rough edges on the

land corners, which arc points for rapid "tresing" of the chrome plate dure
ing the plating oreration. Thasa high coints are soon knocked off in the
firat firing thereby alther exposing amall arsas of gun steel or producing
arees of thinner chroae plate which are more susceptible to thermal failure,

Comparison of Tests J(F1), J(P27), J(Fm, and
J(F40) which were electropolished, witn Tests J(F24), J(F20), J(F17), and
J(F18) which were machined oversise for the chrome plate, shows that superi-
or parformance is obtained from chrome plate deposited on an elestropolished
surface,

As a result of these tesis it has been the procedure
in all firing tests of chrozz plated barrsls to olectropolish oversize for

the thickness of the chrome plata to by deposited., However, it is not
»

MEIDS

ERL




CUNFIDSNTIAL

Y

PR

neceasary to remove the entire amount by eleotropolishing, It has been
our progsdure for thick chrome plates to machine oversize all but the
last ,002* on the radius and then electropolish the renﬁning 0027,

(e) Ihickness of “hrome Plate, Altered layers,
sinilar to those formed on unprotected steel, are observed in the ateel
underlying thin chrome plates, Vhon the steel i3 protected by plating,
t.ho;hot gases should have liltle access to the steel except at cracks
in the plating, Nevertheless, altersd steel was rot observed concene
trated about these cracks, These facts suggest that when the bore sure
face 1s coated with a protective material, heating and cooling cycles are
the most important cause of alteration of the steel, .

Since the formatiom of the altered layer is a
thermal affect, the thiciness of the altered layer producsed is a funo-
tion of the plate thicknou and huf. content of the powder gases., To
prevent the formation of the altered layar, the chrome plate should be
thick enough so that the teapsrature at the qteol-chro-o plate interface
is below the transition temperature of the gun stesl,

Because of the transformatlon of the gua ltod
at the interface, thin plates add very litile to the performance of the

gua.

To detarnine the effect of prlate thickness on
velooity 1ife, several barrels were fired with different types of powder
using pre-angraved bullets. The plats thickness veried from .002* to
+006" and were deposited on electropolished surfaces.

The powders uiaed wers singls base IMR type, a
double base powder containing 20% nitroglycérin, and a double base powder




'is formed at the interfase. The sharter velooiiy life with the thinner
_ Plates is confirned by mstellographis examinaticn. Altered layers are

.{-‘-_‘;T"?—-

- 73w

- containing 40% nitroglycerin, having flane tesperatures of 2940°X, 3560°K,

: andj‘)_l.ﬁ'&raapootivoly. The rosults of these tests are ,l‘hOIII graphically

on ?iguro 18,
| 'l’huo data shows

- (1) 0C6" chrone plato gives nm. hprw-ut
over gun ataol. vhon a 4LO% R G. po'dor 13 used,

(2) The best portorunco is obtained with a

plate that is ,006" thick whes 20% N.O. and LR powders are used,

Bmseopo exanination of the phtcd surface st
di!tmnt stages showed that less crasiking is observed with the thinnes
plates and very rronounced cracking is observid with the thisker plates,
Inunriuornrhutodotmmtuthuhoudphhmukdto
prevent the ror-tion of the sltered layer (Tutc J=F6l to J-T72), e

Amum-hudmmmmwmmummmm :
© the plate thickness was (008", This removal was dus entirely to the

trittle nature of the chrose plate.
o Until the ductility of the chrome plate is iz-

proved, it appears that the optimum chrowe plate thickness is ,006* to
Y‘OW'rcrulvpc\-nlodtygm.

v Eallistic performance anl utlllomphic unh-
ation are in pood agrement. ‘The best performance is obtained with +005*
to .006* chrame plates and if the plate is that thick, no altersd layer

formed beneath the thin plates and undercutting of the plate by srosicn
ofﬂxodtddlqunomwcmm:shoﬂmbcofm.-
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(d) Tviga of Trolugtilas The lack of ductility in
the chrcme plate is very clearly shomn in the coaparison botneh the pere
formance with pre-engraved bullets und.ﬁw usual ongraving type bullets,
The engraving stresses and abrasive wear on the chrome plate surface pro-
duced by the engraving of the projectile very materially shorten the lifs
of the chrons plate, )

Three types-of bullsts wers tostad: nanely,(1)
sngraving t;pes such as L'a.li M<2 and copper banded artillery bullets,

(2) steel pre-engraved bullats, and (3) lubricated (Farco Lubriged) steel

pre-engraved bullets,
Tha steel pre-engraved bullat reduces the engrave

" ing stressaa to a nininm:n, and the lubricated pre-engruved bullot reduool

the abrasion due to friction to a liniml The type of bullet used does
not affect tne frequency and the depth of cracking of the chrome plate,
nor the taickness of the altered layer formed at the ateel interface,

A comparison of the besavior of ,005" chroas

plate using artillery typs, steel pre-sngraved aud farco Lutrlzed pre-

cngx'awd r11lets is showmn graphically in Figurel9.

The chrome plate protects the steel surface for
a definite peribd. This period ;)f protection is auch shorter for the
engraving type bullets, As soon as gun steel is exposed to the erosive
effects of the powler gases, the rate of erosion increases very rapidly,
Parco Lubrized pre-engraved bullets give the longest protection period
and the lowest erosion rate after the gun stesel has been exposed.

The effect of the bullet type on performance of
the ,005" chrome plate is shown in the following tsble:
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QUFIDIE:

TADLS XXX

- BLfgck of Mullet Typs ou Chiopy Plate “srformance .,
Rounds Fired for

Hore a Velocity Drop -
Toat ~Jurface. Pomler Bullat oL 200 LaDalte..
3(F6, 12) Cun Stoel.  D,B, AT, 95
L1(F5, 9) Cun Stael " P.E, 240
J(F20, 34, 40)  4005* Cr " AT, 20
- L1(F8) 005" Cr " P.E, 975
- L1(F18) »005" Cr " Parco= 1875
Lubrised P.E,

The progress of velocity change is shown grapbe
ically on Figure 20. |
These results shows (1) the performance of the s
chrome plate i3 greatly influenced by the type of bullet that is used;
(2) engraving stresses and friction play an japortant part in the fallure
of the obroms plate; (3) and the best performance is obtained with a
lubricated (Parco-Lubrized) pre-engraved bullet,

(o) Types of Poxdera One of the main factars in the
fallure of chrome plate is the formation of an altered steel layer at the
interfase. Since the formation of this altered layer is a thermal trans~
formation, it is not surprising that the flame temperature of the powder
used i3 an important fastor in the ballistic performance of the chrm
plated gun,

Several barrels were plated with 005" to (006"
chrome plate on elcctroi»lhhod gun steel and fired with pre-engraved bullets,
Three types of powder were used: namely, single
base IMR type, a double base powder containing 20%£ nitroglycerin, and a
double base powder containing 40% nitroglycerin,
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The fluze temperatures of these powders were
29407, 3560°% and 3945°¢, ros;cclively. <Tho Larrols wers fired witil
a drop in vilocity of 220 [,pe3, vas olserved,. ' ‘

A conperison of the land ercalon at the origin
of rifling 1u shosn praphicslly on Figﬁro 21 for: - | _ A

1. Plain gun stasl and .0'36” Cr phh uslné
40% nitroglycerin pouddr.‘ ' v _ |
'> 2, Plain gun stoel and ,005* Cr plate using
201 nitroglycerin powdler, |

3¢ Plain gun stesl und 006" Cr plate using
I'R!R powder, | |

The effect of the powder flame teaperature on
the performance of the chrome phti 1s shown in the rolloﬂngi tables

K(F43) Gun Steel - 40% N,G. 3945°K P.E. .7
J(F111) 005% Cr  40% N.Go  3945°K " 120
L1(F5, 9) Gun Steel 208 N.G,  3560°K 20
11(F8) J005% Cr  20% }N.G. 350°Kk . 975
L1(F19) Gun Steel IR 2940 n 388
J(F104) +004R Cp DR 2940°K . ‘ 2970

The progrsss of velooily chu:p‘ 13 shown grapb~
icelly on Figure 22. _ o

Thess results shows (1) (006" chrcme fails to
protect gun steel against the erosive effects of a 407 N.C. powder. The
failure of the Cr plate started at the edge of the bullet seat and ade
vanced very rapidly., There is ¢ éouibﬂitj that the Cr plate on the

A
‘Al




e — S ST IS

9N

P

P

KT NOXIEZPL Y
SN







edge of the bullet seat nay have been melted; (2) The bost inoreuse in
perfornance of the chrome plate is obtiined wi*h the cooler IMR powder.
Cr platve increased the velocity life of the gun using pre-eﬁgravod '
bullets and 403 N.G, powder from 70 to 1lE0 rounds, a factor of 2; uai#g _
20% ¥.C, powder from 240 to 975 rounds, a factor of 45 and using DUR
powder from 350 to 2970 rcunds, a factor of 8.5. o

(3) Gonclualona, _

The data observed in the teau'ng_ of chroue plai.a
bores shows

(a) Crhrome plate ic resintant to attack by the powder
gases (melting).,

(b) Thickness of chroaiua ratter than the type of
plate controls the erosion, ! _.

(¢) An optinun thickness of 006" chro:o plate is
necessary to prevent formation of an altered stesl layer at the interface
under the conditions preveiling in the Erosion Testing Gun, ‘

(d) An electropolished surface is better than a ma-
chined surface as a base for the chrome plate, _It'is recormended that
for thick chrome plates, the last ,002" on radius be elecfropoliahod.

(e) The failure of chrome ph'to.ia dﬁa painly to the
brittlenese and lack of ductility of the chromo plate. The mechanical
stresses set up during the engraving of the ;;ojectﬂe and the thermal
stresses produced during the heating of the surface accslerate the failure
of the chrome plate, | . | ) |

(£) The optimum thicimess of chrome piato (005" to
006%) on a gun stesl bore will double the velocity life of a oun when

CONFIDENTIAL
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using engraving type hullcets (}’9,1_1 "2 ard A,T,). Tha improvement of a
ohrome_’plat?d bora uv irg 1,T. tullets aver gun nteel is shown graphe
ically ou Tlgures 23 a._nd Uye
. (@) The typa of bullet nsed very materially affoots
the chroao plute parformmunes, The alimination of engraving stresses by
the uge of pre-engnvéd billets will iraremse the velocity life of the
gun about ten-feld, The further elimination of fricticn by the use of
' Plrco-l.ubrizﬁd pre-gngréved bul.leta will increase the velocity life of
tho gun abont treaty-fold,

» The improvement of a chrome plated bore over gua
ntui using Wv«! and Parco=Lubrized pre-engraved bullets is shomn
graphioally on Figures 25 and 26,
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Tho oloutx'oplu'tiny ol tho Uners desoribad in tiis seation
n; d@a at the :atlonal burean of Standards, The conditfiona wnd details
of the plutlag procodure muy be oltalned from the Dureau ér Standard
I_IAQ;.orts. ’ .

(a) Eronaon Reslatant Dronerties of Colalt end Cobwlt=Twnzsten
Alloya. |

' The nolting point (1420°C) and thermal conductivity of eobalt

(0.165 cal/ca?/scc2/°C) are apyroximataly tha sane as gun stecl, It is,
therefors, not surprisin; that the cobalt surface should fail by thermal
attack (meliing),

Cobalt has prreatar duotil:lty than chromiumg however, its
lower hnrdness and greater ductility are such that it may not be able
to resilt the anging action of the b :11let,

Ched.cally a cobalt surface is superior to a steel surfaco.

The addition of tungsten to forn a cobalt-tungsten alloy
'ahould raise the mltingb point, At the same time the thermal conductivity
is reduced conaidorabl,y, w:lth the result that the Co-W a].loy surface i
at a higher temperature than the puro Co surface,

The cobalt-t_ungstan auoys are harder than cobalt, This
bardness can be increased by heat-treatmen. for one hour at 600°C in
Yacuo. |
o (1) _mm:.znz_m_o.tm:m

_ - In general the types of fallure observed in the testing
vof tha coba.lt and. cobalt-tungsten plated linors may ke attridbuted tos
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.1 gw Yeltins Poink - All the liners tested fuilod
du‘e to paa éx’oslon (neliing of tha surfuce), D§ubl{: Dugo (209 HeG4)
powder wug uscd 'ux-ldur'.stmxdunl conditions in all tdnﬁna

Poor Adh apd Tritt 24 - In the ulloy plating
coniaining 2071 tungaton the bond to the steel surfuce wna vary poor
(Test J(¥35)). | | »

The typoa of fallure obuorved are as followss
(a) Melting and scoring of th§ plated surfacs,
v (b) Cracking of tha Co~¥ plate,
(b) MMM&WM
(1) Yariablos Tostad. The followlng variablas were
"testod in tha firing tests outlined belows
' (a) Compositicn of tho Plate -
" Pure Co plate and cobalt plat.es containing approxi-
mately 5%, 147, 187 and 20% tungaten were teated, -
| (b) Heat nggtmr gt of the "latg
‘ Some of the cpbalt-tungaf.eﬁ rlates (Teats J-F35,
and J-F38) wers given a heat treatnent at 600°C Q_Y_g‘ggg for one hour in
arder to inprove the hardness and resistance to tha swaging action of the
bullet, I |
(2 Swmery of Romdta -

Table XV gives a list of the cobalt end cobalt-
tungsten alloy phtel tested 1n this progran Tho dataila of each firing
test are given in the Am_g_rggiz ( pagollé) A coupar:lson of the advance of
the land plug gages for the cobalt and cobalt-t\;ngstén rlated liners and

R R ————
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and the eontrol gun ateel linor is shom on Fig, 27, A sumary of the
results of the variables tested is as [ollowss
(3) Coznositicn

Ons cgbaly plated liner was tested (Tost J-F36),
Severe (ns erosion and scoring of tha cobalt suﬁ‘aoo ocourroed heyond
one inch from the origin of rifling., The ndhasion of the cobtalt plate
was excelleat and there was no cracking or pitting of the cobalt plate
which is characterisitic of chromium plate., Slight awaging of the lands
was nlso observed,

| However, ths plate lagkod the thermal character=

istics to resist welting by the nowder pases under hypervelooity ccndi-
vtoms. S

Four gobalt-tungateg alloy plated liners in which
the tungsten content variod from 5% to 0%, were tosted (Tests J-F35,
J=F37, J=-F39 and J-F/2). |

The results of these tests shows (1) poor
resistance of cobalt-tungsten plates to pzs erosion {melting), (2) ine
creased brittleness and cracking with increasing tungsten content, (3)
poor adhesion of the 20% tungsten pla'e to gun steel, |

(b) Hoat Treatgent of the Cobalt-Tunzaten Flate
Two heat treated cobalt-tungstan plates were

tested (Tests J-F35 and J-F38), The test data showed no inmprovement in

the heat treated plates,

(3) Conglusions
Cobalt and cobalt-tungsten :1lloy plates are not suitable

for protection of a gun steel surface under hypervelocity conditions,

D —E———————
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3. lokel=Tunwyton Alloy "lateg
The elccgi'o\;\ylzkt.lng of tir linsrs deseribed in thiz gacii:n mas
done at the Natlonal -i‘i.‘uren.u of Standardz, The conditions and datulls
of the platin; proocedure may be obtnined from the Lureau of Standards
Reporta, , .
(a) Eroston Resatant Proportdcs of wigkel-Puncaten oy Plates
The melting point of nickel (1452°C) is too low to have
good erosion resistant properties in a hypervelocity gun, The nickele
tungsten alloys have a slightly higher melting point tut at the same time
the thermal conductivity is reduceds
(1) Iypes of Failures Obsorved
The failure obsorvod in the testing of the nichl-
tungsten plated liners day be attrituted tos
koy lolting Polnke AlL liners failed due to poor
resistast to gas erosion (noiting of the surface),
(b) Erceion Tegts oo MickeleTunggten l:ied Liners
(1) Yariables Testede Ths following variable vas tested
in the firings ocutlined below:
(a) jieat irectment of the Platg
' . One plated liner (Test J-F33) was heated at 600°C
for 1 hour jg_Vggl_lg in order to increase tae hardness of the plate.
(2) Sumaary of Results
Table XVI gives a list of the nickeletungsten alloy
platess A coupgriﬁon of the advance of the land plug gages for the nickele
tungsten plated liners and the control gun steel iiner is-shown in Fige 8.
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Tho details of eact firing test ara given in the Appendix (panzaus)a
A summary of the rasults of the two tests 1s ns follows:
(3) Cogposition and lieat Tretnent

Two liners were testad having a composition
approxinately 758 nickel and 257 tungﬁted. |

Cne linor was teated ns plataedl and the second
liner was heated ut £00°C for one hour ig VYacug to harden the plate,

The data from these tests show:

(1) FRoth plates wers severely eroded for the
full longth of the liner, Practicslly 100X of the plate was melted from
the surface,

(2) nNeat treatzent of the plate gave no better
perfornance, ‘

(3) Conoluaions
Kickel-tungsten alloy plates do not have the proper
thermal properties to resist gas eroslon under hyperveloeity conditions,

COUFIDENTIAL
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"4y Dupleg Plrtes,

The eloctroplatliu;; of tue linors describéd in thls wseetion was
dono ut the Natlonai Bureru of Standurds. The coaditions end dota.ua of the
plating proccdure muy be obtained from the Burcnﬁ of Stindrrds report.

(s) Erosion Res Progar ho Duplex Pli.tes Tested
All the duplex plates teutod h:ve used ohromium rs the main plute to protect
the gun steel againust the thermal effects of ti:e powder gases., Various
secondary plites h.ve been tried to correct the causes of failure of the
chrosium plate,

The varfous duplex pliutes and the function of the secondary
plate nre listed below,

() Ercsion Tosts on Duplex Plates,

(1) Varisdbleg Tested, The following vsriables were tested
in the firing tests outlined below: |
' (a) Cogper plate on thin chromjum plute, The purpose
of the copper plate was to fill the cracks in the chromium plute during the
first round fired.

(b) Chromium plate on copper pl:ite, The purpose of the
copper plute was to seal the cracks extending through the chrome plates and
prevent the powder gases froa undercutting the chrone pl:te.

(o) Chroxjum plate on nickel plate, The purpose wes the
sams ss under (D).

(d) Chroajus plate on nickel plate -on copper plete,
The purpose was the same as under (b) and (c).

CONFIDENTIAL
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| (o) Chronium ol:te on a siilcnn—chroao—gomor’ alloy,
- Ths ‘?ui-poaa of this test wua to deternine tae behavior of the chrome plrte
on » bage which jroduced no slt:red lnyer. | '_
- (f) Chromiug 5l te on gabult:—tunggten plate, The
Jurpose wus to anrov- tne bond at tae st.ool. interf:ce Ly lncroaalng the

: duct.illty.

(g) g' hromiug ’glatg‘ og cobalt plits, The purpose was
; ‘the zaas as under (£). '
| (2) w Table XVII givu u list of the
duplex pl.utan teated ia this progras. The dot.alh of ench ri.ri.ng test are
given in tae Appandii (puge 149),
| A comparison of the advance of the land plug gages for
the cobalt-chrodm duplex phtod liners snd tha control gun steel liner 1is
siom in riguro 29, _
: A Vaumnry of the results ét’ the varicbles teste-d' is as
followss ‘ : | :
(a) Copper plate on thin cooper plate, One liner wss
tested having 0.2 ail copper plato on 0.7 mid ehroniun plate. In 35 rcunds
the copper plate was conpletcly removed and tho clron. plate sroded at the O.R.
' - (b) Chrostus plite on copper plates One liner was tested
li#ving 1 mil chromiom plate on 1 =il copper plate. In 8 rounds the chrome
. Plate .-u removed from all the landa. The copper undorcoat had been heated .
'~ to a ;lastic state so that the stresses of the bullet had rubbed the chronc _
plate off =1l the lands. nn-mauo. of tae plate adhering in the grooves :
| showed that cracu 1n the chromium did not enter the underlylng coop-r olate

witlch thus scted a8 a seal,
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(o) Chromjus pl:te on nickel glngg,‘ One ilﬁc:r was
tonted huving L mil chromium slste on 1 wil aickel plutes In 30 r?n‘mds the
plite was romoved for o distance O.f 2 inchess It wus found thet the nickel
becomes plastic in the siae maaner as tase cOppéf. The nickel plute differed
notably froa the copper plate In tiut it crucked nround.t.'nercryatal arains
and admitted the gases to the underlylng stael,

| (d) Chrosius plote on nickel plate on coppar plates
One lluer «as tested having 1 mil chromium plute on 1 mil nickel pl:te on
1 mil copper plute. The behavior of this liner wus the sume *3 the liner
under (6).

(e) Chromiug pl:-te on a siljcon-chrome-copper slloy,
One liner was tested haying 5 ails chromium plate on a base which would not
give an altered luyer. However, the melting yoiat and heat condﬁctivity of
the bese uetnlr iu low with the result thut melting or softening cccurred at
the caronium plste-copper alldy interface. 2late was removed from the bore
surface for 1-1/2 inéhol during ten rounds fired. ,

(£f) Chrosjusg plete on_cobelt-tungstes plate, Two liners
were tested having 2 mils chromium plate on 7 and 8 mils cobslt-tungstem plate
(Tests J(F43) and J(F96)). In Test J(F96) the cobalt-tungstea plate was
heated at 900°C for one hour.

The reéulta of the tests show

(1) The adhesion of the chrome plate to the
coba'].t.-tungstm- plite was poor in the heat treated liner, ‘

(2) Poor locsl adherence of the cobelt-tungstea
plute to the gun steel surface.
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(3) Scvere pgua oroslca of eny exposed cobalte
tuny:sten plate,

(¢) Chromium oluto on cobslt vlnte, Thrae liners wore

toted hz\vlng'npproimutoly 3 =ils chromium plite on 7 alls cobslt plate
(Teats J(P44), J(FI1) end J(F92)). In Test J(F9:) the cobalt plate aas heated

at 0°C for one hour,

The results of th# testa show
(1) Excellent protsction of the gun steel surface
tgainst powder gos erosion iu obtained by a caromiumecobalt duplex plate.
| (2) Swaging of the cobalt undercoat hra boen ob=
sorved,

(3) The adhesion of tae cobalt pl-te to gun steel

and the chromium pl:.te to the cobelt pl:te is jood,

3. Conelugions,
(2) The chromium~cobalt-tungsten duplex plates do mot
glve 'good p.rformance under conditions of hyperveloecity,

(b) The chromium-cobalt duplex plate offers proaise in

- & hypervelocity gua using pre-engraved projectiles. The perforzence should

'be better thea chromium plzte alone.

(c) The chromium-cobelt duplex plste siould give better

. -
performance thzn chromium plated muzzle sectlons in guas using molybdenum or

chrome base alloy liners.
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The plating from the vapor phase of the gun stnel and Stellite
#21 liners desoribed in this section was done at itha Zell Telephone
Laboratories undor Contrsot CF -!sr-llJ. The conditions and dotails of
the plating procedure may be obtained from the Bell Tehphona Labomtoriu
report, |
(a) Ergaiop Reoslatant Sropertiss of “olybdonun Plate
The hizh melting point and excellent chonioal proportiu of
Yolybdenunm should make an ideal plate to protoot & gun steel or a stellite
surface, The molybdsnum is phtod‘on_ the bore lu‘rfano from mbiybdcmn .
carbonyl vapor under carefully controlled conditicns, Under conditions
of heat molybdenum can react with other elements to produce brittle intere
metallic compounds. The formation of these brittle intermetallic come
pounds has been the principal cause of the fallure of the molybdenum plate
on gun steel and stellite surfaces. - o
(1) Iypes of Fallure.

The type of failure observed in o plated linm nay
be attributed tos - I

Eoration of Interastallie Coapcupda, st the molyblemum-
liner metal interface, thereby weakening the bond otthouototbolinor'
moetal and causing the metal to flake off the surface,

Lon Goaffiolont of Prpanalcp. The large differeace ta
the coefficient of expansion betwesn molybdenum and stellite or gun steel
produces large stresses at the interface dtn-:l.ngvnring. |

These stresses together with the weakened Sond caused
by the formation of intermetallic conpounﬂi accelerate the fallure of the
molybdenua plate, ' |
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the types of fallurs obaerved in the 'io plated gun
atoel and atellite linera can be grounad as follows:
(a) Flaing of tho o Piatoe from Surfacae
I - In all liners testod, tho Mo plate failed in this
‘manner, ‘he manner in which the plate faled ‘ms the same in all liners:
namely -~ (1) the formation of a dark area; ' (2) blistering of this dark
area; (3) oracks radiating from the center of the blister; (4) coaplete
removal of the plate frcm the blistered ares; (5) undersutting of the
plate starting from the expcsed gun stesl or stellite, Mith double base
powder the exposed stellite eroded faster than gun steel and produced deep
sooring in the stellite base, | |
© (b) Erosion Toats on Molsblenz Flated Gun Stoel Linera
| (1) Yariables Tasted. The following variables were tested
" in the firing tests given in Table XVIT,
' (a) Type of Uolybdenum plate - hard and soft
(b) Thickness of plate |
(c) Different matals at the Mo interface
(3d) Decarbturization of the gun steel surface
(e) Type of powder
(2) Fipipz Schedule.
In the early tests, Schedule II with double base powder
. was followed, Failure ocourred in such a short number of rounds fired,
" a less severs firing schedule was sdopted for the Yo plated liners,
Schedule V is as followss
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Schodule ¥
Pragsure {p,;,},. 4l Voloodty (fenega)

5 rouds - 300 grain
_charge 25000 - 30000 2600 - 2800
5 rounds -~ 350 graln
charge 35000 = 40000 2000 - 3100
5 rounds = 400 grain
- gharge 40000 - 46000 3200 - 3200
5 rounds - 450 grain
. charge 43000 - 55000 3350 - 3500
10 rounds = 450-476 »
, grain clinrp 56000 - 58000 3600 - 37C0
60 rounds - Erosion at
established
charge
10 rounds - Pressure
change _
130 rounds - Eroeion at
- establighed
, _oharge
10 rounds « Pressure
change

Borescope examination cf the surface was made after
each 5 round group, and after 30, 100 and 240 rounds,
Gage measurements were made after 100 and 2,0 rounds,
(3) Sumary of Results.
TableXVIXl gives a list of the Holqbdcmm Plated gun
stoel liners testod s .

¥this program, showing the principal variables in
each test, The dotdli of each firing test are given in the Appendix,
(pagels3). |

A sumary of the results of the variables tested is as
!oilmx
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| Two typea of molybdenum plate were testeds (1) The
bard tyre produced by' plating with 27 water vapor in the carbon monoxide =
_molybdenum carbonyl mixture, und, (2) the goft type, prodused by plating
with 103 nt&r vapor in the MMQ. A comparison of tests J(F54) and
J (?'15) shows that the soft type plate adheres to the surface for a greater
muzber of rounds than the hard type plate,
- (b) Inickness of ‘olybdegua Plate
Since the plate failure dus to the formation of
intermetallic compounds is caused by the thermal effects at the interface,
the thickness of the plate should deteraine the behavier of the plate in
firing, Molybdenua plate thickness was varied from 2,5 mils to 10 ailas,
A comparison of tests J(F25), J(F75) and J(F105) showed practically no
hpmunt‘.vdth tholo mil coating, Severe tailuro of the plate cocurred
in 100 rounds with double base powder, T
(c) Diffarent datala at Molvbdenum Interface
Different metals were electroplated on the steel
" surface in an attempt to prevent the formation of the trittle intermetallis
 eompounds. The thickness of the "sandwiching® metal varied from 0,1 mil
" %0 0,5 nﬁ.. The 'rmom metals were tried: (1) cobalt, (2) nickel,
c (3 platimm, - A
| " The best plats was 0,1 nil cobalt with 5 mils
'rs'o:t type molybdenua plate., Howsver, ssvere fllure occourred after 240
o rounds- with m.poy:.loro

no
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- , (i) Dycerburieati-n of the Gun ¢ tral turf: ™
N A gun oteol liner wes plited with molybdeaua aftor
. removing aout of tiae cerbon froa tie bore surfuce. 4 coap Tison botwsen tests
J(¥54) and J(F’Ié) saowed 1ittle Laprovenent in the adhersnce of tae molybdenuam
v plute, . | ‘
"(e) Iype of Powder,
| The mlyﬁdmﬁ plates uero tosted with two types of
| ponder; n.nuiy, (1) DR type, flame temporsture 2940°K snd (2) double base
containing 08 nitroglycerin, flams tempsrature 3560°K.
The higher potential powder produced the logt. uevere
failure rnd also ccuged fallure in the saallest number of rounds,
A puma:ry of tho results of the molybdenum plated
gun steel liners 1s giun in Tzble "'T\'
{c) Plated Stellite Liner:
- (1) Yariables Igsged, The following verlshlcl vero tested
in the tests given in Tuble XIX.
' (l) Type of molybdenum plate
(b) Bonding temperature
: (Q) "nilckneu of plate
A, (3) 'typo of porder
(2 Firing Sohedule,
Schedule 1» wag followed using IMR powder for the less
' severe schet_hﬁb and ddublo ,bau‘ powder for the more severe schedule.
| (3) m. ry of Results,
Tablc v gives a 1ist of the molybdenum plated stellite

B uners tested in this  progras,. showlng the princizal varisbles in each tost.

TOUFIOENTIAL -
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Tae cotalls of e.ch firin; test sr: ziven ia the Aporndix (526 159 ).
: | ; suaary of tie results of thoe verlobles tusted ls
zu Tollowss
(s) ZIyvse of Molybienuas Plute,

Two typuvs of molytdenum plate s-re tested: (1) the
hard tyoe, produced by ol.tlag with «& ¢:ter vipor in tae carboa nunoxide=
molycenum cnrbonyl alxture snd (2) the sofg type, produced by plrting alth
152 w<ter vapor in tio aixture. A comparison of teatas J(FS58) «nd J(F59)
slovs th:t tnu zoft type oli te winwroe to the surface for s gre.ter niaber

of rounds thea tae a rd type plote,

(b) Bonding Tomoecruturs,
The.initial sclybdenum plata nas bonded at four

different temper:tures; (l):‘ 550 0, (2) -6250C, (3) 700°C and (4) 730°C and
then followed wita a 5§ ail coating ,f aoclybdenum plate. v

7 | A cozpariaoﬁ of teats J(F85), J(¥57), J(¥58), J(F76)
snd J(F77) shosod th:t the lower tho bonding temperature the botter the per—
forz=nces The 208t severs failure occurred in the liner boaded at 730°C, and
there wrs very little differeacs in the behavior of the llaers bonded «8 550’,6
snd 625°C. |

(c) ZTajckness of Molybdenum Plate,
The thickness of tae molybdenum pl:te was wrried

from 1.5 ail to 1Z.5 ails. The perforazsnce of the molybxieaum pl:te was a
funetisn of the plite thickness, Howasver, the thicker plates :ere fery roughl

and the rough spots were usuzlly the starting points of plute lallure,

T
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) The duta na Table 431 giow thot & 12,5 all
coatmg alll not protect tae atclllto-rwrf»uce :'eg:'.i.nat attaek hy double bese
ponder, - | | |

» (¢) Tipog of Porder,

) N Tue molybdenunm plutes wore tested afth tao types
of a0+der; numely, r(l) L typoinnd (=) couble b&ao_ cont-'ining 20% nitro-
glzcerin, | ' |

| Stellite 621 alone 1s not wroded by IMR powder in

the Callber .50 Erosion Pasting Cun. Howaver, plcte fxilure ut the stellite-

molybdenum interface occurred with IMR porder.

|  Stellite #21 slone is aworﬂy oroded by double base
povder and the purpose of the molybdenua plat. 1s to protect tho stellite sur-
face because of its hlgh -olting point, Ilowenr, ia 211 uneu tested, from:

' the thinnest (1.5 ail) to tae taickest (12.5 all) coatings, fallure at the

stellito-olybdmun Lntorface occurrad with double baae powder, ——

The expoged stellite sizs then severely eroded and
scorsd by the doubls bass po»dor.

Bocauao of t.ho bigher temperatures 2t the bore
surfeee, failure sith doublo base powder occurred in & few number of rounds
then 2ith the IR powder,

v A smmury ot the reaults on tae molyodenunm pluted
stelllte liners 1s givea iz Table XL,
3. COncluz;ons,'
. Molybdeunm plates on gun steel and stellite fall by a
weakening of tha bond =t the nolybdenun interfaco. Tnis is caused by a

t.neml; reJction prodnclng,brituq int_ermetallic compounds., For this reason

~ CONFIDENTIS ' -
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aulybdenua pl&tou do not afrord protection for the jun stoel cnd stollite

surfaces under condlt.l.ons of hypervelocity.
he Hdotallographlc Fixsmiystlon,

Soctions of ths fired liners ;mro sent to Hurvard
University snd the Bell Toleohone Laborntoriss for metallographls exsmination.

The results of these examinutions may be obhined from v
tho Harvord Rejort on “Metallographlic Examination of Cun Liners and Coatings "
Tosted under Hypervelooity Conditions", snd from the Bell Telephone Labora-
tories Report on "Molybdemum Pluting from the Vajor Phase®,
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8, gSporayed Molyhdenun Coutings,

The asolybdenum coated iznern described in this section were
prepared at the Uassachusetts Inatitute of Teshnology under Contract
Ofd-sr 608, The details of the spraying procedure are desoribed in
their reports. »

(a) Erozion Resistant Properties of Soraved Molybdenus,

The high selting point of molybdenum and its exsellent
erosion resistant properties made it desirable to develop a process of
applying a thin coating (.020% to .050® thick) to a gun bore surface.

The low coefficient of expansion, the low dustility and
brittleness of the unworked molybdenum snd the reactivity at the
solybdenum-gun steel interface to form intermetallic compounds are proge
orties working against the success of this project.

(v) Excsion Tosts on Spraved Molybdenus Liners

(1) Variables Tested, The following variable was tested
in the firings listed belows

(s) Ccaposition,
A Three liners wers tested having the following

compositions

(1) Pure molybdenua

(11) Moiybdenum containing 1/2% nickel

(111) Holybdenum containing 1/2% nickel and
5% copper.

(2) Summary of Resulis,

The details of each firing test are given in the Appen-

dix (page 189). A summary of the results of the three liners is as follows:

COSFIDETIAL
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(a) ALl tho sprayed molybdod\n coatings failed by

- ernoking dus to lack of dustility and the fullurs of the molybdenun to

‘follow the expansion of tho stesl linoi-'durin'g firing.

(S) Coneluzicns. |
Sprayed nolybdoém coatings showed no promise of suce

; cess and the dohlopmonﬁnu not carried any further under Contri;ot OSu-ar 808,
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7. Parco Lubrite Goatinis.
A gun steel barrel (45 inc}; longth) was sent to the Parker
Rust Proof Company of Detroit and the bore was coated with a-Purco
~ Lubrite coating approximately 0,5 mil t.ick, Ths Parco Lubrizingv

process gonverts the steel surface into a non-metallic oil-absorptive

filn consisting chiefly of a mixture of iron and nanganese phosphates,

It was believed that the reduced friction between the bore and the
projectile would result in an inoreased velocity life of the barrel,

A comparison shown on Table ZXII of the erosion of the lands
and grooves with an uncoated gun steel barrel showed no improvement
in the performance of the Parco Lubrized bore,

_Tast Surface _ Powder Bullet 145 Rda,-padae “145 Rdse=fra..
C(F6)-C(F12)  Gun Steel - |
- cmtrd D .B P A QT ° .IBmO ‘340

J(F45) Parco-Lubrized DB,  AlT. -15000 =360

CONFILEL
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8, L arbon F »

In order to detarmine tho effact of a-.l‘llm of fluorocarbon
on erosion a spoom type of bullet (3Cw2) with groovod buse~cup
sealing ring was uscd, This groove, together with a doep groove in
front of the baseecup, was filled with fluorocarbon tefore seating the
tullet with the expectation th.t when fired the bullet would receive
sufficient lubtrication to permit an increase in veloolty, After
firing J(F1), the bullet seat and the origin of rifling were found to
be covered with a fila of fluorocarbon which helped to seal erosion
oracks and thus reduced the drop in muszle velosity as cxpected, tut
the degree of erosion was just as severe as that of the gun steel

control,
The fluorocarbon film was suprlied by Division 8, HDAC,

9. Qxiddzed Gua Stee) |

Two short pleces cut from a Srowning machine gun were sent to
the Taft-Peirce Manufacturing Company, Woonsocket, Rhode Island, fer
application of a special oxidized surfnce of magnetic oxide of iron.
The method of forming this surface is by means of rapid oxidation at
a temperaturs of about 1000°F, in steam, which produces a smooth black
appearance, After firing these liners (J(F5)) a total of 70 rounds it
was concluded that the special oxidizing treataent of the bore surface
did not incresse the life of the barrel under hypervelocity conditions,.

CONFIENTIAL
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Contract OF-sr 537 a% Harvard University was innuguutod. for
the primary purf;ono of providing nc_iuﬁn for the a:ehllogﬁbht&ox—
anination of spesiazens of various materizls fired in the Zrosion Testing
cﬁa at the Franklin Institute, Fired liners and barrsls doécriﬁod ia
this report were icnt, t.lvuroror-e,' tp P.lr‘nrdb vfor metallographis exanina-
tion. . _ |
_ A coaplete roport of these oxaminations 1111 be found in their
report on “Netallographic Fxsaination of Gun Liners and Coatings Tested
under Hyper-velooity Conditions®, - |

The Franklin Institute takes this opportunity to express pro-
found appreciation to Mr. Hobstetter for the tremendous assistance that
he and his sssociates bave provided in this work. '

) )
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APPENDTY

The following dals havy been sbotructed Irom progress. reports
of the Franklin Instituts {Contrnct OEK-er 535). It thould be noted
that these firings wers all made in tho celiber .50 Erosion Testing Gun
under hyper-velocity conditions as defined early in this rejort (exscept
whers specinl attentisn 1s called to the contrary).

Part I, Coptrol Tepty op Gun Steel

E(F3)s Hopobloo Gun Steel Barrel. 478 grains Double Base powder.
Ball -2 bullets. Rate of fire 5.5 R.P.M. 115 rounds fired. FPiring

uchdﬂo L.

(1) The advance of the plug gages with number of rounds fired
~ 1s given in Table 1. |
(2) The change in prouﬁro and velocity with numbsr of rounds
7 is given in Table 2. A

(3) Examinatioa of recovered bullets indicated excessive
wear on one side. This condition increased with @a of rounds fired
until the engraving extended far down om the boat-tail of the Ball -2
bullet with no wear on the opposite side, This means that the bullet
was balloting down the bore.

(4) Accuracy neasuresents were made by means of a screen 45
ft. froa the cussle. Tipping and keyholing occurred to some extent be-
fore round 20, but after this ths keyholes produced a wider diapersion
which increased to the end of the test. Hence, under these conditions
the erosion test should bde limited to 20 rounds.

CONFIDERIAL
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E(F4)s Mongblge Gupn Steel. 473 grains Doublo Base ponder, Ball

" M2 bullets. 115 rounds fired. Conditions the same as in £(F3). Pir-

ing schedule I. ‘
(1) Borescope examinatioa showed tuat both orogression and
extent of ercsion wore the same as that in Z(F3).
(2) A comparison of the sdvance of land gages in E(F3) mand
E(*4) 1s glven in Tnblas 1 below: A
Table 1 - Advange of Land Goges ip E(F3) and ji(F4)

dfter 35 Rounds After ‘70 Rounds After 115 Rounds
Guge BEE) z(r4) Xrs) B(n) xrs)  _=(9)

0.5011 8,517 8.,13" 10,75" 9.94% 15.2%¢ 13.40°
0.5031 4.58 3.93 7.58 7.18 10.%0 10.58
0.5050 2.08 1.73 5.99 5.20 8.17 8.33 /
0.5C88 0.74 Q.59 4.13 3.58 .93 .74
0.5091 0.28 0.1l 1.28 2.28 5,36 8.24
0.5112 0.20 0.28 0.3 0.60 3.80 8.39
0.5122 - 0080 - 0.55 - 2028

(5) A comparison of pressure change and of velocity change with
progress of erosion 13 given in Tsble 2 below:
- C loeci e (f

After I5 Rounds Aftsr 70 Rounds ~ After 115 Rounds
Drop_ 5r3) =) ) _E(Fa) xr3) . _E(4)
ar
Av

-8770 -7240 -7750 =12710 -8850 -15840
- 178 - 108 - 259 - 266 - 210 - 288

(4) Accuracy patterns and bullet performance wers identical

with those im E(FS).

C(¥)s Honobloc Gup Steel. Louble Baze powder. A.T. bullets. L:nds
0.010" high. 150 rounds fired. Firing schedule II.
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.(1) 79 roundg. Tho 0.R, rhawed charactoristio rounding of
the torcihg cone and the lo.ndar, ulud t.herml cr;cking of the bore sure
face tupering off toward the mmy.lu. Cox}portnk ﬁu heavy in the m“._.,

- 3" beyond the O.R.

(2) 150 rounds, The forsing cane and the lande st the 0,R,
were very badly aroded, less toward the nunlq. | COppor.Lng occourred |
287 - 18" rro- the 0.R. Erosion of the lands at the O.R. was twice tha
of ﬁo grooves. This inoreazs in the lend dianater 0.8% bo'ycmi the Q.R.l
waB 0.024% A7 % 320 £.pos. OP = -15,400 pos.lo AV = =200 fup.s ot
the end of 90 rounds. N -

(3) Rloonrod bullat #1278 showed huvy engraving on tho bour-
relet IM the body, whish would cause oxeonl.n vear of the lands,

(4) The scourscy pattern had a meen radius of cispersion at
100 ft. b§Mon rounds (11-85) = 2,357, ﬁtﬁ«n rounds (81-185) = 3.3,

C(F12)s W. 476 grainl Double Baie powder. A.T.
bullets. 224 rounds fired. l‘iring schecdule II.
Reeults of this tast 2o not difror signu‘lcantl.y froa those in

c(F6).

L1(Fi)s ¥onobloo Gun Stesl. Lends 0,010 high, .50 twist. Double
Base powder. P.F. bullets. 290 rounds fired. Piring schet'-ulob II.
(1) Thersal cracking at the O.R. was severs, dininishing to=
ward the m:lo. After 70 rmmdl it oxtcudod only 10% rron tho O.R.,
but after 290 rounds it extended 28%. .
 (2) Batween rounds 140 and 210 engagement of the bullet with

the O.R. was loat. 'rhil md. the bullets lkid md cause txcouivo vear

e AT - T e
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(5) Erosion of the lands took place slowly at first, rapidly
betweesn rounds 140 - 210, snd then more slowly ayain. Erosion o}' the
grooves had the same charastecistioa. )

(4) The veloeity drop at the 2nd of the tost wer =284 f.p.s.
Since 1% is often considered that the useful lile of & gun ends wnen the

velooity drop reashes ~200 f.pes., it was caloulated that this condition
was Treashed after 210 rounds as compared with 85 rounds for arsillery
dullets. Hence, the velosity life 1s increased 2-1/2 tiuss by the use of
2,7, tullets,

(5) Bullats resovered up to round 140 were noraal, those re~
covered during rouidu 208 - 210 ghored double engraving and aarks of
skidding., Bullets recovered during rounds 278 -~ 280 showed no double
engraving, hence engagement with the O.R. must have been conpiotolr lost
with the result that the emerging bullets fniled to have the proper spia.

(67 The accuracy life was determined as about L5Q rounds froa the
appearance of 9 yawing snd keyholirg bullets which pussed through the |
screen during rounds 221 - 275. With srtillery bullets the noeuuci pat-

tern 48 bad at 150 rounds,.

11(¥9): Mopghlop Gun Steel. Lands 0.010° high. Double Base powder,
— | 560 rouncds fired. PFiriny schedule II.

(1) Zrosion at the G.R. waz characturistio of doiblae base
powder. Thermel oracking was less toward the wussle, inoreasing with
nusber of roundis. Ths lands were worn smooth by skidding bullets {rcm

97 beyond the 0,%. to the :nuzslc;
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(2) | Removal of stsel from the O,R., with P.Z. bullets was abous
half that with A.T, bullets,
| (5) Pressure changs after 280 rounds vii ~9,600 p.s.i., and
the velooity change was -310 f.p.s. A change of velooity of -200 f.p.s.
ooéuxlrod after 287 rounds, 4

(4) Acourscy. The mean radius of dispersion was constant to
rounds 27§ = 1,1%, between rounds (291-348) = 3.2%, also in the latter
range keyholing began.

- (5) Recoversd bullets were unchanged to round 214. They were

double engraved after round 280 but no chaage in agourscy resulted.

About the same round meshing of the bullet with the rifling was lost.




1.

B ("Uur | ‘)""“'r h‘: h
- 97 - o ’

Part X1, Linora
MOLYBDENTS LLNARSs L ,
E(F5)s olybdanum tube #A-37§. Ball 42 bullets - Two warmeup
rounds fired with IR powder at diminished loed, then full load of

D,B. posder - 2, rounds fired, o

A section examined at the Geophwsicél Labémtbxfy ahdmd the
netal free froa flaws but the grain size was not uniform, Tﬁoro was |
& very coarse columnar ntmqtl_xro on the outsmi clm_:#ng to a fine
grain size at center, each about half the thickness of tube, There
was no distortion of the gralns parsllel to the axis, Yfeld point in
compression perallel to axis = 47,000 1b, per aquare inch, -Hardmu |

in the longitudinal direstion = 91.5 Rockwell B, in the radial direction =

£€9,6 Rockwell B,

(1) Neither thermal cracking nor powder gas erosion wes shown

- 4n the borescope exanination, There was no visible gas erosion after

24 rounds,

(2) The liner oracked after one round at diminished pressure,

(3) The liner laokod strength and dustility to withatund
pressures at unnupported areas, Ultimate failure occmd at keyvay.
after 24 rounds at 58,000 psi,

E(F6)s Molybdegun tube #A-384. One round was fired with DR powder
at dininished load - 1 round fired, - ' , |
This tube was emmined at the Geophyaical Laboratory and found
to be fine grained, - |
(1) The liner cracked longimdinauy in several places so badly
that further firings were mpéoaiblo. | - ’

CCNFIDENT
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(2) Further tesilng of molybdenum tubas is to be done with
amooth bore until conditions ars found which onnble nolybdonua to stand

ths shock of firing,

E(F7)s Yolybdepum Liner #(Bel6ed). Smooth bore, drilled and reamed
from molybdenum rod, Shrunk into hentod breech sestion, 5 munda fired,
During an attempt at insettion the liner bLruke, The final
liner 4=1/2" long was inserted aud fired, Aftor removal of the brrech
section the liner btroke into several placos,
(1) Longitudinal cracking osourred after L round at a pressure
of only 10,000 psi,
- (2) Cracking inoreased t411 one plece mas rosdy to be lifted
out after 5 rounds, hence firing was terminated,
' (3) There was no evidenos of thernal cracking or of gas erosion,
(4) ‘Molybdemum lacks the atrength to withstand the ahoock of

firing,

E(F10)s Molybdeous Liner. Smooth bore, Single base powder used
_throughout. Reduced charge, 250 - 476 grains. Pressure varied from
12,000 to 46,300 psi, Ball M2 bullets, 9 rounds fired,
(1) The liner cracked on the 4th round at a pressure of 38,500
pe1.(Cu),
(2) After 9 rounds, examination of the sectioned liner showed
four longitudinal cracks running the full length of ths liner,

—————————————
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e Swaged, qmooth bore. Touble bnse
pomder, Reduced oharge, Fressure pradually inorensed from 11,000
%o 57,000 psi, Ball 42 bullets. 46 rounds fired.

' Thia swaged molybdonum Liner was ahnink cold under a presoure
of 20,000 pai, into a tapered steel Mner, It was hoped this method of
ahrinnng molybdenun into the steel linsr would give no unsupported
areas back of the molybdenua, The work was done by the Crane Cempany,
Ciidcago, under Contract Oisrw629, '

(1) Several longitudinal cracks developed during the 7th
round at a pressure of 45,200 psi,

(2) Since it can Bo assumed the method of mounting the linep
gave 1t good support, the cracking must be attributed to an inherent
lack of ductility und resistance to impact present in thick molybdenum
sections,

(3) Both gﬁgo moasureaents and microscopic exanination showed
the nmolybdeaum 'to be chemically inert to the powder gases of the double

bage powder,

E(F12): Holyblenup Lipere =2-stave, smooth bore, Reduced charge
(10 Ws) increasing to standard charge (140 rounds). Ball 42 btullets,
150 rounds fired, Firing Sghedule II,
(1) Gage nuiuremntn indicated no wear.
" (2) The surface showed no signs of either thermal cracking or
erosiocn,

(3) Testa should be made of a segmented liner that i1s rifled,

CONFIDEN
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2(F16)y  olybdemua (ingr. 10-stava, riflcdwwith 1undy 0,005" high.

L0 gratas 0,0, vomdor, B:ll Y2 btullats., 150 rouuds flred Firing
Schedule II, | |

The liner of comercial molytﬁénum wis cnmposed of ‘10 segments
made from 3/8" swagod molytdenun rod, After being machined .1nto a tab-
ered liner it wis press fitted iats a nAteo'l esrrier under u lioad-of
10,000 1b, It was not trazed, | |

(1) Flattening of the landa at the O,R, dus to engraving strosses,
and filling of the partially opened seuns vith coprer began after a fow
rounds, , . _ ,

(2) After 150 rounds the lands did mot reach their full height
for 1,5" from the O,Re, and copper filled ths open seams right down to
the steel carriesr, | _. : |

(3) There wus a drop in pressure of 1945 psi.(Cu) due to flatten=
ing of the lands which reduced the initial foroing brehauro. |

(4) The molybdenum surface showed no signs of thermal crosion,

E(FA7)s ofs 10-stave, smooth btore, Ball 42 bullets,

150 rounds firede. Firing Schedule I, | | o

The scue (E(F16)) typs of molybdenum rod was used in making this
tapered 10-segmented liner which was first brazed into a dummy éairiex‘.
Then, with sogments brazed togsther, the linor vas finishemachined and: |
brazed into the carrier, which was heattreatod and finished after brasing, |
‘he brazing alloy used, of copper, nickel and silicon, had a melting poipt
of sbout 1100°C, - | |

(1) After 70 rounds the joints between the asgments had opened
alightly, and i{n several placea part of the brazing material had been renaved.

QO:JFIQQ TI& ‘ A
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(2) Aftsr 150 rounda the Joints had not opsned any further,

: bﬁt in ﬁavo:‘nl éluuoa molytdanun had baon nhippbd from the edges of the
seyments, -
, (3) The molybdenum surfuce showad evidence of neither thermal
. S oracking nor plmlar fas erosion, |

7 (4) G'Jga measursnants indicated no loss of metal from the bore

surface. The smooth tore offered no foroing resistance to the ball 42

" bullets, honce thérn wus practically no bullet wear on the molybderiun

surface,

E(Fla)s qlytdenum Linsr. 2 stave. Rifled, lands 0,005" high,
476 groins D.B, pomder, Ball 42 bullets, 70 rounds fired, Firing Scheduls
. o |
: Thoi strips were made from standard molybdenum about 3/16" thick,
The ii_ner \vva.j a press £it in the steel carrier, _
(1)  Seams between the segments apened up and were fillad with
gildihg metal from tha bullet jacket.
(2) Three oracks developed in the area of the O.Re
, (3), A seation of molybdenum surface was torn from the area ‘of
~_ the bullet seat,
o (4) Lands at the O.R. ware flattened for 1/38" due to swaging,
‘_ (5) There were no sirms of thermal erosion on either land or
- groove sﬁrf_aco. _ ,
- (4) Removal of metal from the lands was small and from the grooves
;vﬁa zoro; o

L ———
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E(F19) s wg),-;%gggm Iiner. 2-atave. Mifled, lands 0,005" high,
476 grains D,i, povder, P.F, bullata, 170 -rounds fired,

' .(1) After 190 rounds the scams betwean tho t»o so;ments were
tight at the 0,R, nund oponed slichtly nt tha muzzle cnd of the liner,
Their condi!icn was mch bettorv tian in E(F18) whore ball 12 tullets
were used, liance engraving st;resscs prohably ~nro An inportant factor
in causing the scams of these cegmented liners to open up,

(2) Guce mensurements showsd na wear on elther land or groove
surface,

(3) After 150 rounds the pra=sure drop was negligible and the
veloocity drop was 60 fps. 'Inder the cane conditlona the veloolty drop
in a gun stesl lin-r is 150 fps,

(4) Thers were no signs of powder gus srosiocn,

EG21)s lolyldonum Liner TYT-JF. Incast, Rifled, lands 0,005" high,
476 gruins D,B, powder. Ball M2 bullets, 10 rounds fired,

The liner material was uﬁo from a 3/4" swaged pure molybdenum
rod "incast" in steel, The molybdenum was made by commercisl procedures
at Bloomfiald, N.Je, 'hilo the "incasting” was done et tha Crane Company,
Chicago. The stesl used in the casting was air hardened and teapered to
the hardness of gun steel, The breech section was assembled at Franklin
Institute, '

(1) The molybdenum cracked bedly the full length of the liner,
Two small sections caved in due to lack of a proper backing for the molybde-
nua tube, | ,

(2) The failure was csused by lack of ductility and inability
to follow the expunsion of the stesl bicking as well as faulty casting,

R S T
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(F24)e (007 Mo + 107 ™) allny Yinop ¥E-1-l. 2 Stavaa, Rifled,

Lindas 0,005" high, Pull M2 bullots, 150 rounda fired, I’iriné “chedules 1I,

Insids dlameter and Jolnt surfaces were machined 1n a ahnbor
uning a formed toal, ith halves clumped nn a mandrel tha outside wns
ground, aftar stlch tho halres ware rashapad to rcmove di'ntort'ion set up
in the roughing oporution, Than the joining nurfaces wéra lappod und the
halves held in position by meuns of 1 coliot chuck whilo the internal
diameter was ground, The tupor of 1/32" per foot was ground on tha oute
side diametsr npd the liner pressed into the carrier withAe-z arift of
3/i"e After lapping to finish size, the liner was rifled,

The hardness data obtained by Climax Molybdenum Company ars re-
ported in Tudble II,

(1) Then examined at the end of 72 rounds cracks wers obs@nod

which increased progressively to the end of the teost, Each segment
developed cracks which ran the full length of tha liner, |

(2) The seams opened up and were filled with copper on the lands.

(3) sSlight swaging of the lands ocourred at the 0,8, but not -
beyond, | ,

(i) After 72 rounds portions of the alloy sur_i‘étco were broken -
and this condition grew worse thereafter, 4 | |
_ (5) The drop in pressure, due to swaging of the lands at the
O.R.,. increased from 3700 psi, after 72 rounds to 40000 psi, after 152

rounds, v

oj
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_ '! ra5)s (A2 vo 4 157 %) ullny']_j.r“r‘ GAM-4Fe 2 Stuves. Rifled,
lnnds 0,C05" high, Rounds 17 - 26 were fired at the rete of 6 rounds

* per minute, the others ut 4 rounis por ainute. Eull M2 bullets, 146

rounds fired, Piring Schedule IT,
' The alloy wns mads into 3/4" sintered billots at Hloonfield by

Procoss B, Tho Uillets wore forged into 3/A" rods and die-troughod at

~ Fast Pittsburgh at 1450°C, The roct of the fabrication rms carriod out

in the sama marner as that dosoribed above (E(F2,)). The Westinghouse .

Company raported that the micro-examination of this liner showed a oryse

tal atructure much more favorable thun that of the pravious liner (£(F24)).
The Lardness data obtalned by Climax Yolytdenun Coupuny ars re-

ported in Table II,

(1) After 16 rounds the liner was cracked and the surface showed
ﬁodomtoiy severse spailing. |
,(2) Aftar 76 rounds there was neither visiblc erosi:n nor aswaging

" of the lands.

(3) After JJ.6A rounds the liner Lroke up, the metul coming off in
lajers. so that only half of the liner remained in the gun, thus making
further nmurim_anta impossible,

(‘1.) The drop in pﬁe&éura after 76 rounds was only 300 psi.(Cu),

E(F26): (20 tq + 207 ™) alloy liner WAE-SF, 2 Staves. Rifled, lands

0.,005" Ligh, Reduced charge DB, pomler for 4 rounds, Ball M2 bullata,

" 72 rounds fired, Firing Schedule II,

The method of manufacture and assembly was the same as in E(F25),

" However, the drift of TAH-5F was only 1/2" since the liner bent during

the pfoéaing opefutlan and would not enter further,

L A ————
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~ The hax'wdnoiu data obtained by Clinax "olybdenun Coupany are re=
ported in Table 1I, | | 7 |
(1) After 12 rounds the linar omoked, metul beliy removed frem
thé surface in layers due, probably, to its lamellar struoture,
(2) After 72 rounds the liner broke up and half of 1t vas blomn
out of the gun, rendering further mcasurements i-possible,

5732 Molvbdenua liner. FuliiSl. 2-stave, Hifled, lunds 2,010°
high, 476 grains D,B. powder. 2 groups of 70 round‘l each at 4 rounds per
minute followed by 2 gro:ps of 140 rounds at 6 rounds per ninute, Stoel
banded P,E, bullets, 454 rounds fired, o

Uo powder was hydrostatiosally pressed in a rubbér mold to eliainate
internal oracks produced when a steel nold was used, o
(1) The bore surface showed no evidence of any attack by powler

: M.. ) -

(2) There wis slight checkerwork cracking in the grooves. Beyond
4® from the O.R. thers were two cracks which started from the seams,

(3) Swaging at the O.R, was slight and, 6" beyond, the driving
odgo of the lando wag perceptibly worm, _

{4) A comparison of the advance of the gages on thQ lands and.
the drop in velocity and in pressure comparsd with those in contol test
L1(F5) 1» given in Table 5 below, o

-CONFIDENT
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0.492" >23" -0,38%
0,494 523 0,03
0.496 >23 A =0,01
0,500 ' " $21,0 0
Drop LL(FS) 235 Rda, E(F33) 285 Rds, E(F33)_4%4 Rdas
AV - 278 - 65 - 165
AP ~7800 «500 «39%0

(5) Failure occurred on the lands where the seam between the
2 staves crossed the lunds, At this point the lands were broken away dus
to impact with the bullet,

(6) If the staves were so designed that the seam followed in
the grooves this type of failure might be elininated,

E(F36)s Mo Liger (¥-15). Molybdemwm + 0,05% Nickel
Eiring Conditicng. 476 grains Double Base (20% i.G.) powder,
Ball M<2, Firing Schedule III, Fired 309 rounds,
Liner. Helical, two-staves, Taper 1/32"/ft, - cutside diameter
at large end 0,690, Bore diameter 0,500", |
Besuliz. Staves were oracked longitudinally in niddle of each
groove--did not interfere with the firing, Rud of stave bensath cartridge |
case was cracked, »
Lands were swaged at the origin of rifling,
Liner moved forward, opening rear joint beneath cartridge case,
Flastic flow of metal in nuzzle area produced a constriction,
The test was concluded because of difficult case extrastion
caused by the opening of the rear joint beneath the cartridge case,

COLFIURNTIAL co Al
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g(rad): Yo lir»mr_(?(..]_f,l. Molyldonum 4 0.01:7.; Kickél.
Eiring Corditiong, 372 graing of Double B.se (40F WeG.) pomder,
Bull <2 bullets, Firing Scheduls IIT, Fired 119 rounds,

_ Linor. Helleal, two-stavas, 'f;por -1/32”/;t. - outside diameter
at large end 0,720", Bére d_iamotor O.SOO". ) ,

Femults, Staves were cracked longitudinally in middle of each
groove—did _r.xvot intorfers with firing, There was m@prato swmging of the
lands at O.R, | The. rear Jointvbonoath the cartridge cose opensd up due to
1liner hnving noved forward, The scams tetwesn the staves were in good
corxdition. ‘

The test was conoluded because of the difficult case extraction

~ caused by the opening of the rear joint bensath the cartridge osse,

E(£39)s Mo Liner (W=17), Pure Molybdenum,
Eiring Conditions. 365 grains of Double Base (40% N,G.) powder,

~ Pre-engraved steol bullets, Firing schedule IIT, Fired 294 rounds,

Liner. Helical, two-staves. Taper 1/32%/ft. - outside diameter

at large end 0,722", Bore diamster 0,.90%,

Regults., Staves crAQkad longitudinally down center of the groove
-—did not interfere vith'firing. Théro"ivés heuaurabla svaging of the lands
for the first inch, -Sml were in good c.ondition.ﬂ Forward movement of
the liner opened up resr joint #1 by 0,03" to 04" and produced a comstristed
boro nf th; muszle end of the iiner.. This_"vcondition atopped the test
because of dirricult case ext;ré.otioh. o

CONFIPENTIAL
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F(FA0)s Mo Linep (7-13-1), 857 VMolybdenum + 15¢ Tungsten, -
- 1 ‘tlopge 365 grains of Double Puse (40 Hele) 'powder.

N

?to-ongraved steel bullets, Firing Schedule III, rirod 146 rounds,

Liner. Helical, flanged, two-Staves. Shoulder 3/1." long, x 1/32"
face, Taper 1/32%/ft, Sors dianeter 0,490",

Bugultge Staves oracltoad longitudinully down tho centor of the
groovos--did aot intarfere with firing, FEuch atave arucked oimmmm
bayond the flunged area, Thare was measurable swaging of the lands fer -
the firat ingh,

| The flan;e on tha !fo stave liner prevented the ro@r Joint }1
beneath tae cartridge cuse from opaning up, iiowavar, tho same forces
oracked the Mo atavos beyond the flaige and the liner noved forward in
thh'dma, causir the cracks to opsa up about 03" und ,05" and a constrioe
tion of the bore at the muzzle end of the liner. For this resson the test

was concludad,

E(Fal)s Mo Linepr (¥-18-2), 85¢ Molybdenum + 15% Tungstea,

Firing Cooddtions. 476 grains of Double Bose (20f 1,G.) powder,
Ball <2 bullets, Firing Schedule III, Fired 432 rounds,

m. Helical, flanged, two-staves, Straight Qhouldor EV/A
longe x 1/32" face, Taper 1/32"/ft. Bore diameter 0,500",

Rzsults. Tho flange prevented resr Joint #1 from opsning upe
The staves cracked radially beyond ths flange--cpening mors with firing
end causing constriction at the muzsle end, Staves cracked longitudinally
down center of the grocves-—~did not interfere with firing,

Scme slicht breaking away of the metal at the edge of the sewis;

The test was stopred bacause of the constriotion at the muzzls
end, '

0; T
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8(242)s Mo Linep (i-16=2), Molybdenun + ,01. iii,

Emng Conditiorge 476 grnins of Double Husae (207 N.G.) powder,
Ball 42 bullets, Firing Scheduls III, Fir:d 148 rounds,

| Linsp. Heldoal, two-staves, cold twisted, Shoulder 3/4" longe x
1/32" face, Taper 1/32¢/ft, Tore diumeter 0,500,

ltegults, Longitudinal and diajomal cruckiag oscurrad in firat
pressure round, During the 130 round burst the liner cracked badly at 2
to 2-1/2% from the bresech end and the formrd parts of the 2 staves were
Slown out the muzrle, Sevrs gsnstriotion at breech snd of liner, The
liner failed by oracking, warping of ths stuves and coaplete breaking up
of the forward end of the linor,

- E(F43)s Yo Ligep (W-16-3), Molyldenum + ,01% Ni,

Firine Conditiong. 476 grains of Doubls Bzse (20% N.G,) powder,
Ball M2 bullets, ¥Firing schedule III, Fired 155 rounds,

Linsp, Four-staves, straight aseanms, integrai shoulder, Shoulder
3/4" long x 1/32" f20e, Taper 1/327/ft, on diameter, Cold press fit -
interference ,0015" on dinmeter, Bore diameter 0,500",

Regultg. Each stave cracked longitudinally, usually in center of
eech groove, Ssvers surface spalling of netal aloug seans at the muzzle
end where lands cross the seams, Slight awaging of the lands at O,R.

Rear joint beneath cnse remained tisht, There w.a nevere constriction at

muzsle end. Test wam coneluded becauze of severe spalling along seams,

[ %A
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B(%44)s Mo Linor Dle23, 'lolybdenua b $085 it
"nnigr'v'f',‘ogg;qr,n;, 476 graine of Double b:ge ("0,», H.O ) powder,
D:xll M2 Lullata. Piring achedule 111, Fired 166 roundn.

Linox. tollowl, tug=stuves, integral shoulder, .shoum.r 3/1." long

'x 1/32* tace, Tiper 1/32"/ft. Cold ‘presaod with +0015" intorference on

. dlaneter, sors diuaeter O.SOO”o

Mﬂho .au..,ht uaging of landa at V., Ytavea cruoked oircume

- ferentially ul the end of the snoulder, Continuad firing 'oponnd this orack,

The linar t.ais.od d.xring tiring 80 the rifling was out of line with the
rifling in thc auzale sectioa. Iolt was conoluded Lecause of severs oircime

farential orucicdng,

E{as) s An.umr.u_léad Holwbdtnuﬂ + 000 N,
' W /476 grains of Double Eaaa (208 4.G.) powder,

Ball Me2 tullet, Firing scheduls III, Fired 293 rounda. ‘

Lingr. Precisioa t’dafad, Helical, four-staves, integral shoulder,
Shoulder 3/4" long x 1/32" face. Taper 1/32"/1‘1:. Press fit = ,002" inter-
fe_rqnoo. Bore diautcr 245007,

BMQ The ataves wers cracked Longituiimny dom the center

of the groavu. There was aurfaco spalling froa tha edgo of the bullot seat

to ths origin of rifling on two of tha four staves, - Thoro was slight
flattening of the lands at the O.R. Tost was oonclndod boeaun of fracture

~ and spalling of the surface at the _b\_:l].ot. seat amd origin of rifling,
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EOFZ7) Mo Liner TL 333, (Mo + 0.1 Co)
Eird ng_?‘_;g nditicng, 476 pruins of Double Euso (207 1i,G,) pewder,
Dall #.2 tulleto, (Cd. plated for 573 rounds, regular bullets for remainder

of test), Firing schocule III, [Fired 1133 rounia.

kineres Stralght suams, two-stives with integral shoulder, Tiper
1/32%/rte Choulder 3/4" long x 1/32% face, Shrink it - 003" interforence
on diumeter, Core diuneter 0,500%,

fos. 188, Thore wes slight checkerwork cruciing in the Lullet seat
area, There wes longiludinel cric'dng 1. the grooves, Swaging of the
lands increased as the firing inuressed, Swaglng wd tearing of small
ossed the straight
scans. There wus gradusl zovenent ol netal toward thchuﬁq ond of the

pleces of o from the suriace ocourred where the lands cros

le. )
The following talles shous the advence of the Lund Gages and

Groove Cagns.

| Myunce of Land Gageg

Gage Disgeter After 153 Rds, 293 Rds, 573 Rda, 3333 Rdsa
0.503" 0,07 +0.05" 40,23 +1,50
00505 0003 0005 ) 0-13 oom
0,507 0.01 0.01 0.04 0,10 .
0,509 «0,01 <0,01 0 0
0,511 -0,25 =0.31 0,20 -0.19

| Mvence_of Groove Cages

Coge Dispeter After 153 Rdis, 233 Rds, 573 Rdg, 3123 Rds,
0.513" «0,01" -0,01* 0 +0,04"
0.51% 0 0 +0,01" 0,01
0.517 0 0 0 0,01
0,519 o 0 0 0,01
0,521 0 0 0 0
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The following tabla showa the pressure change, Py = 56400

psi.(Cu). -
Aftsr 153 Rda, ~222.0da.. - _573 Rda.. ~2433 da,
Test was concluded bacause of the constriction of the bore.
E(FA8)s Bl~33=fe (Yo + 0,1 Co).

Wm. 476 grains of Double Dase (20% N.C.) pcwder,
Ball 32 bullst, Firing schedule III, Pired 152 rounds,

Linor. Straight seams, two staves with integral shoulder. Taper
1/32"/tt, Shoulder 3/4" long x 1/32" face, Shrink fit = ,003" interference
on diameter, Bore diameter 0,500%,

. Resulise There was slight swaging of the lands at the origin of
rifling, Surface spalling was greatest at 4" to 8" beyond O,R. and was
more severs on one of the stuves, The test was oconcluded becauss of severe
spalling of the metal along the seams,

Failure was due to poor miorostructure of Yo,

E(F49)s Mo Liper bl~33-5. (o + 0,1% Co).

Firiog Conditicng. 476 grains of Double Base (20% !1,G.) pomder,

Ball M=2 bullst, Firing schedule III, Fired 2022 rounds.
- Lipep. Helical, two-staves. Shoulder 3/4" long x 1/32" face,

Taper 1/32%/ft, Shrink £it - ,004" interference on dismeter. Dore dlameter
0,500", -

Basultz. Examination of the fired liner showed (1) slight ecracking
longitudinally, (2) pronounced pattern of checker-work cracking on the
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bore surface, (3) slight spalling oocmrred'aiong the odges of the seans at
the nuzzle ond of the liner, (4) smaging of ths lands at O.R. and (5) the
rear joint behaath.the cartridge cuﬁo opoﬁod Qligixtlj. '

The follawing table show the advance of the Lund Gages and

of tho Croove Guges.

Advance of Land Cages

| 0,%03" 0,05  0.09" 0.6  0,75" 1,29 2,96"
0,505 ’ 0,02 0,03 0,05 0.11 0,17 2,15
0,507 0,02 0,00 0,02 0,04 0,03 0,17
00509, 0 . '000" =014 -0,15 ‘0016 «0,04
0.511 -0.25 -0032 . .0.30 -0023 -0022 -0015
Cage Diaaeter amun _221.. ~S1. 3l A4l 2022 Rda,
0,513 o ~0,01" 0 40,08°  <0,12"  40,16"
0,515 0 0 $0,01" 0,02  -0,03 0.14
0,517 0 o 0,01 0,02 -0.02 0,09
0,519 0 0 0,01 0,01 =0,01 0,03
052 0 0 0,01 0,00  -0,01 0,01
The following table shows the pressuio ohnngo. Pg = 55,800
plio(cu)o |

mun.m._m..m.unm:.

AP 41000 psi, 1800 4400 41300 0 = =420

The test was concluded because the increased land diamster
at O.R, (due to ewaging) and partly dus to. the badly eroded musile section
caused the 4200 pai. pressure drop. |

ONFIOENT
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£{F50)s Mg Liper {1=33-7. (fo + 0.17),
Eiring Conditiong. 476 grains of Louble Buse (208 1.G.) pomder,
. L S o

Bull =2 bullet, Firing schedule III, Fired 2024 rounds, =

Liner. lielical, twoestaves, Shoulder 3/4" long x 1/32" face,

lo taper on body of liner, Shrink fit - ,004" intorfersace on diameter,

Core diameter 0,500",

Rasultse The performance of this linor was practically the same
as o Liner UL=33-5 (Teat E(F49),

The taper con the body of the linor is only necessary for

ease of insertion of the liner in the carrier,

The following tables show the advance of the land Gages and

of the Groove Cages,

Advance of Lapd Gages

0.503" 10.,06" 0,7"  0.42% 1,29 174" 2.487
0,505 0,03 0,07 0,10 0.47 1,27 1,86
0,507 0.01 0,02 0,03 0,09 0.2 1.27
O.m 0 0 . .0.01 0001 e o.o‘ 0.10
0.511 <0.04 0,05 0,08 0,02 0 0.02
Advance of Groove Gagag

00513" — ——a "2.07” -5082. -2023" -2017'
0.515 ——— 40,08" <743 =741 <6,62 6434
0.517 -0,01" 0 0 0 40,04 40,17
0.519 0 0 -0.01 0 +0.01 +0,04
0.521 0 0 <0.21 o 0 +0,02

The following table shows the pressure change Py = 56,600

psi.(Cu), '

0i RYA




AP 4600 pal. 4400 -1300 0 -4600 ~1/2000

# Moat of this 'drop wus duy to a badly eroded wuzzle section,

E(F51): Mo linep Plmib=l. (iio + O.1% Co),

Eiring Conditiong. 476 grains of Double Dnse (207 i,G,) powders
Parco Lubrized Steel Pre-engraved bullets, F¥iring Scheduls III, Fired
442 rounds,

Liner, Two-staves, straight seams, integral ghaulder, Shoulder
3/4" long x 1/32" face, T.per 1/32"/ft. Shrink fit - ,003" interfarence
on diameter, Tore diameter 0,490"s

Regulia. Examination of the fired linor showed (1) slight awaging
of the lands at O,i,, (2) slight longitudinal oracking in the grooves,
(3) slight surface checkerwork oracking, (4) slight surface spalling of
metal ocourred where the lands crossed the aoanln, (5) the rear joint beneath
the cartridge case opened aughtlg and (6) constriction in the bullet seat,
probably dus to slight warping of stave. This conditfon caused the failure
of the liner,

E(F53)s Mo Liner Bl=37-1. (Mo + 0.1% Co)
Firing Copditionz. 476 grains of Double Buse (20% X,C.) powder.
Parco Lutrized steel pre-engraved bullets, Firing schedule IV, Fired
1052 rounds, _
Liner. Helical, two-staves, integral shoulder, Shoulder 3/4" long
x .0185" face, Taper 1/32"/ft, Shrink fit - ,003" on diameter, ILore
diameter 0,490",
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'W. Examination of'the fired liner showad .(l) nlight ]nhgi..
" tudinal eracking in the 'gz;oovas, | (2) surface bheoiarwork_ orncking, and
(3) gevers spalling oocurred from 4" to 8% beyond Osite—tids condition
caused the failure of the liner, | | -

E(ESs Mm__aﬂ. (f'o + 0,15 co).
mgm“ 476 grains of Dcuble Dase (207 n.o.) poader,
Parco Lubrized steel pro-ongmved tullets, Fired 4 rounds,

‘ um u.nm, two-staves, integral shoulder, Shoulder 3/u"
long x 1./32" face, 'rapu_- 1/32"/¢t, Shrink fit - .003" ‘Intsrference on
dianeter, Bore dlameter 0.290". | |

" Regyltse Failurs oscurred on the fourth pﬁ"asm’a round due to
blowing cut of liner beneath the cartridge case noéi:. This wns cauged by
an unsupported area 1n the region of the liner shoulder, '

) m: ki : .35. (Yo + 0,1% Co)

Eiricg Conditicns. 1.76 grains of Double Base {=20% .i.G.) powder,
Eall u..z bullets. Fired 77 roundl. 4

Linar. Helical, two-staves, integral shoulder, Shoulder 3/4" long
2 1/32" face. Taper 1/32°/ft. Shrink fit - .003" interference on diameter.
Bore diameter 0,500% | |

Regults. Emimtion of the fired liner sho'ed (1) aught longi-.
tudiml cracking in the groom, (2) snght spalling along the adgo or the
seans, and (3) constriction at both the breech end and muxzle end of - ‘the
liner, This condition caused failure of the liner, o

G
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5(F56)s o ifpep Hl~38, (Fure Mo). .

Firing Conditions. 476 grains of ﬁ‘bu\lile Buse (204 il,G,) porder, |
Exll Y2 bullets, Firing schedula 1V, Fired 985 rounds,

Liner. Helical, twoestaves, Shoulder 3/4" long x 1/32" fuce,
Taper 1/32" face, T.per 1/32*/ft. Shrink fit - ,003" intorference on
dinnmeter, Fore diameter 0,500", »

Regultse Examination of the fired liner showed: (1) ataves were
cracked longitudinally in the grooves, (2) slight checkerwork orucking of
the grooves, (3) uoderate spalling of the metal along tho edge of the
scan from 5" to 7" beyond the O.ite, (4) the reur joint opened slightly,

- and (5) revere swaging of the lunds for a distance of 4 inches = this
condition caused the failure,

E(F57): Mo Liper li=N=l. (Pure Mo).
_ Eiring Copditions. 476 grains of Double Base (20 l.G.) pomder.
Ball Y%=2 bullets, Firing achod_ulo IV, Fired 785 rounds.
A Liger. Helical, two-staves, no shoulder, Taper 1/32"/ft., Shrink
it « ,003" interference on diametar, Bore diumeter 0,500",
Resultse Exusination of the fired liner showed: (1) staves were
cracked longltudinally in the grooves, (2) eirounferential cracking at
+1* beyond O.Re, (3) pronounced checkerwark oraoking of ths bore surface,
and (4) olvight progressive swazing of the lands at Q.R,
The liner failed because the rear joint beneath the cartridge
case opened up and prevented extraction of the cases, Severs constriction
at the muszle end of the liner occurred,




2, CH.GA BASE ALLOY LIM-13: .
éF29)1 Lner (QU=3), €0 Cr = 25 Fo = 15 % alloy, |
| Srigg Copditlong, 44D grulos O, U; pondas (207 ¢ .C.). Bull Me2
bullets, Firing scheduls IX, ¥ired 35 rounds,
Liger. 0.500" tore.
Besull3e Cxuminatlon of the firad linor showeds (1) longitudinal

oracking, (2) notao;k orucking on ltore surfuce and pitting of surface,
(3) constriction of bore, dus to volume ohange in Cr-base alloy, Tost
was concluded becnuse of longitudinal orucking oi liner, and also because

of volune changas resulting in excdasive hizh jressuress,

E(F30)s Linop (0X~6), 50 Cr = 45 Fa = 5 Uo allay, -

Pirdng Conditicas. 465 grains D, F, powder (20% 1,G,), Ball U2
bullets, Firing schedule II, Fired & rounds,

Linspr, 0,500" bore.

Regultg. Examination of the fired liner showsd: (1) longitudinal
oracking, (2) constriction of grooved due to volume changes, (3) network
ernoking of_surfaoo»unﬁ pitting of surface, Liner failed because of (1)

* longitudinsl cracking, (2) drop in proaéure and velocity due to removal of
motal {rom O.R, indicating softening of metal, also (3) constriction of

groove dizmeter,

E(F31)s Liger (CX-10). 60 Cr - 25 Fe - 15 Mo alloy,

Firiog Conditiona., 460 grains D, B, (20% N.G,) powder, Ball ¥«2
bullets., Firing schedule II, Fired 309 rounds,

Linorp. 0.500" bore,
COUNIDENTIAL
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Adsgultge Examination of the fired liner showed: (1) longitwdinil

ornoi(ing, and (2) surfice pAtting,

Test vau coné_ludéd dua to (1) drog of jrossure and v;elooitj
caused by ea{;upo ol guses through deup longitudind..crnckn, und (2) longle
tudinul oracking und pltt;né. . '

a(F46). Ligar (i=20). 60 Or = 30 i's = 10 ifo ulloy,

Ilclog Coplitiongs 476 grains D, B, (205 ilsC.) powders Zall Ue2

bullets, I'iring scheculs III, Fired 151 roundse
Ligers 045007 tore. Intormediate tube and llmer, both alloys of

60 Cr = 30 Fe = 10 Yo., shrinkeritted into assembly with 0,00L" diametrical

intarfarence,

Hesultge E:amination of tha fired liner shoiedx (1) longitwiinal

oracking, (2) checkerwork oracking of bore surface, ang (3) ssvere pittin;
of surface duo to mtercryotauino cracking,
 Test was concluded tecause of (1) longitudinal cracking, -

allowing powler gasos to escape, and (2) severe pitting of the surface,

E(F52). Linor (CX-34). €0 Cr - 25 Fe - 15 io alloye
g_mmg_g 405 graias D, Be (203 HeG.) powder, Ball =2
bulleta, "1r.ng schedula 11, Total rounds {ired 568.
» Linsp. 04500" bore ghrink-fitted into assombly with 0,00L"
diamoti’iﬁal mterfere'nc'o. Innor tube under high cbmprossivo atresses.
Regulta. r.mmation of the fired liner showed: (1) surface

craoking, (2) pit.ting, (3) constriction of bore,

B
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Tant mn gcneluded due to (1) sxcessive 'pr'o_paures caused by

constrinati-n und rourhenad surfuce, N

.

E(F38). Liner (0X-35), 63 Cr - 25 fe = 15 Yo alloy.

Elpdog Conditionge 450 grains Do 3, (20% N.G.) powders Ball =2
bullats, Firing scheduls IV, Total rounds fired 110,

Linere 0.5°0" bore, shrink-fitted into steel carrier, 0,005"
diametrical intorference, Twoeatuves, straight seans,

Resultg. Exazination of the fired liner stowed: (1) longitudinal
and transverse oracking, (2) severe pitting of surface, (3) large blow
hole at 1/2" to 1" beyond 0.3,

Test was concluded due to severs longitudinal and transverse
cracking,
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50 TA ’ u.' 1
E_{ﬂ_j,),t ante Smoot .
%@Mm - 4 « GCradually increasing loads of double base

(208 N.G.) powder. Ball 4-2 bullets. Firing schedule I[, Fired 150
rounds. '
Liner. .040" thick. Pressed in steel tﬁbo. Bore dismeter 0.5103",
Regults. Examination of the fired liner showed: (1) no therasl
orsaking; (2) no fracture of any kind; and (3) surface appeared to be
roughened, probably by thewsar of the bullet on the Tantalum surface.
E(F20)s Tantslus rified.
Firing Conditiong. Gradually increasing loads of double base
(20% .N.G.) powder. Ball M-2 bullets. Piring schedule If. Fired 150 rounds.
Liner. Hardened to sbout 32 Ry Liner, 8%, .045% thick. Pressed
in a steel carrier. Bore diamster 0.5007,
| Results. Examination of the fired liner showed: (1). pressure
drop of 8,875 p.s.1.; (2) groove surface showed no signs of thermal
cracking; (3) lands failed slightly due to removal of metal by frictioa;
(4) Tintglm surface appeared to be drawn; and - (5) showed longitudinal

tear oracks,

/
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4. SITLLITE LINZRS: ,
Firing Conditiong. m grains p.xs.' (zoﬂ'u.c.)'pgud@r. Ball
¥-2 bullets. Firing schedule II. Total rounds fired 8S. B
Liner, 0.506' bore. Stellite 422 llnor 1/8* th_lc‘k.
Rasylts. Examination of the fired liner showeds | (1) hﬁdl
completely eroded away for 5* beyond 0.R.j (2) Driving edge eroded for
- entire length of liner; (3) Network of cracks on land and groove ourface
for entire length. A | o
Failure due to large pressure drop caused by 'm:oltlng of the

atellite surface.

E(F25)s Liner Stellite #22. |

Check test of E(F22) with similar results. Teat was sbandoned

after 25 rounds. V |

E(F27)s Liner Stellite #21. . 4

 riring Conditions. 478 grains D.B. (208 N.C.) powder. Ball
¥-2 bullets. Firing sohedule II. Total rownds firsd 8S.

Linsp. 0.500" bore, Sfollitc #21 liner 1/8* thick.

Results. Examination of the liner after firing showed: (1) Lands
badly eroded up to 5.5 inches beyond O.R.s (2) Driving edge of lands
badly eroded to 6* beyond 0.R.; (8) Bore surface badly cracked through-
out the length. v A |

’ Fallurs of lin_or due to excessive drop lnprouuro and veloeity
caused by erosion of imdl., due to nolting.and aoftaning of the surface.
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2(r2n)s Liner Stellite #21.
Firinc Gonditions. 476 grains IR powder. Ball 4-2 bullets.
Firing achedule II. Total of 509 rounds fired,
— Liner. 0.500" bore. Stellite #21 liner 1/8" thick.
Regults. The following cbservations were nade after firing:
(1) No awaging or erosion of the lands; (2) Fine hot-ork of cracks on
Stellite surface; (3) Gun stoel at end of Stellite liner badly eroded
causing velooity drop.
' These results showed that the Stellite #21 was resistant to the
action of the powder gases of IUR type powder at this rate of fire,

Z(rsq)s Stellite 421 Liger.

Firing Conditions. 455 grains DiR powder, Ball M-2 bullets.
Piring schedule III and 1-300 round group at 12 R.P.M. Total of 1582
rounds fired. |

Linep. 0.500% bore. Stellit #21 liner 1/89 thick.

Results. The following cbservations were made after firing:
(1). No swaging of the lands; (2) Slight rounding of the lands edges at
O.R.5 (3) Pine network of cracks on the Stellite surface; (4) Prac-
tically no advance of the land plug gages.

E(r85)s 3Stellite #21 Liper. ,
Firing Conditions. 435 grains RDX powder, CR-1 type, Lot
No. EX 6112, Ball ¥-2 bullets. Firing schedule III and 1-500 round group

at 15 R.P.M. Total of 1028 rounds fired.
Liner. 0.500" bore. Stellite #21 liner 1/8* thick.

/7, l‘j

3
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| Eosgggg.' The following shservations were nade aftsr firing:
(1) No aswaging of the landsj (2) slight rounding of the lands at O.R.;
(3) network of cracks on the stellite surface; (4) practically no ad-

vance of the land gages.
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5., NICKEL BASE ALLOY LIHERS:

E(p-8): Monal Mota) Liner. _
Piring Conditions. 476 grains D.B. (20 1.C.) powdar, Btu
M-2 bullets. Piring nchedule I. Totsl rounds fired £5.
Liner. 0.500" bors. :
Results, Examination of the 1linar after firing showeds
(1) fine checker-work cracks; (2) lands completely eroded avay at O.R. |
and badly eroded beyond. | - '

E(r-9): 2 - Nickel Liner. L -
Ziring Copditions. 478 grains D.B. (205 N.G.) powder. Ball
| M-2 bullets. Firing schedule I. Total rounds fired 70.
Liner. 0.5007 bors. o |
Resylts. The following observations were aade of the IM
after firing: (1) lands snd grooves were pitted; (2) builof. seat area
bas fine checker-work oracking; (5) lands badly eroded at O.R. ‘

E(r13): Zirconium-Nickel Liner.
Firing Conditiong. 476 grains D.B. (208 N.G.) powder. Ball
M-2 bullets. Piring schedule I, Total rounds fired 45.
© Liner. 0.500° bors, |
| Results. Examination of the fired liner showed: (1) severe
swaging of te lands for 2* from O.R.; (2) thermal crecking in the groaves.

COSFIDETIL
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E(F15)1 Silicon Stael,
Firisp Conditiona. Cradually increasing loeds of Double Base
(204 N.C.) ‘povder. Ball ¥-2 bullets, Fired 7 rounds.
m. 6* liner, |
Results. Liner cracked badly in first 7 rounds dus to the

brittlsness of the sillcon steel,
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Part ITT, Cont nd Elegtronlatog

1.

J(F3)s Chromium plate Q.00)7" thigke Steel surface wmachined, Rifled,
lands 0,005" high, Liner in two sections, 4=1/2" and 3-1/2" respectively,
Fnds plated with copper 0,005" to 0,010" thick. D.B, powler, Ball e2
bullets, 45 rounds fired, '

The liners were plated at the Springfield Armory using the chromium
plating technique de'nlopo& there, The ends were plated with gopper in ore
der to act as a seal,

Bagultse (1) Chromium was removed from bullet seat, foroing cone
and land surface, For 1/4* beyond vthho 0.R, erosion by powder gases was
severs, undercutting the grooves) (2) Chromiua in the groov:o was in good
conditicn, Erosion beyond 1/2" from the O.R. on both lands and grooves was
hprondov |

. J_{_f__‘ﬁ),a mmmwﬂlw; Steel surface electro=
poléghgi ‘Rifled, lands 0,005" high, D.B, pomder, P.E. bullets. 115 rounds
fired, T - '
The liner was plated at Zattelle emorial Institute, Colunbus, Ohio,
&a_ggjg. (1) The erosion and -flaking of the surface was much less
than that obtained »ith Ball k-2 bullets (see J=F7)3 (2) The plate was off
the bullet seat and the driving edge of the lands for about 1/3". The sur-
face appeared wrinkled; (3) Elimination of engraving stresses increased

the life of the ahrome plated barrel.

1
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JFZ) s Srromium slate (atenderd), 0,000 thick, 3Steel aux_‘fac; olectro-
poliahed, Rifled, lunds 0,05" high, 0,3, powder, Dall -2 Lullats, 115
rounds (ired, |

Tue linor vau plated as in J(:0),

mgm. (1) The plats was romoved conpletely froz the bullet uoat '
and from the lunds for 3/15%; (2) The lenda wers orodad below tho surface .
of the grooves some of which show undercutting of the plate; (3) The falle
ure of the plate was similar to that of the Springfield chrone plate
(ace J=F3)3 (4) Localized engraving stresses are an important faotor in
the failure of chrome plate, '

I(Fa)s Chrcafua olate (atindard), 0.005" thick. Eleotropolished,

Lands 0,005" high, D.B, powder, P.E. bullets, 115 rounds fired, -

The liner wes plated as in J(F6). large clearances o the lands
eliminated localized engraving stresses,

B_ug].n. (1) The plate showed & characteristic not-uork of cracks,
mt‘ there was neither land nor groove ercsion; (2) ‘rhero a8 no change in
oifhor the dimensions of recovered tullets or ths accuracy pattern to the
- end of the test, |

J{¥9): Chroniun plate, Q,001" thigk, Hachined surfaces. Lands 6.005-
high; DB, powder, Ball -2 bullets., 115 rounds fired,
The ctromium plate was applied to a machined gun steel surface by
the Van der Horet Corporution, Olean, New York, |
Results. (1) Erosion of the lands was groatei.' and of the groovea
the same as that of the Springfield plate and the Battells plate as delcrib‘d ‘
ebove, This was probably due to poorer bonding of the phto to tho steel
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surface bansathy (2) The chemioal and the thermal resistunce of thoe plate

to the nomiar goros was tho saa,

iﬂ_m; @@MJQ@MQQQ, 0,201 thigk, Bureau of Standards,
Yachined surface, L;;is,b.ooswhgn. D.B. powder. Ball M2 bullets, 115
rounds fired, | N
| ~ Rosulte. (1) Failure of the plate was similar ‘o that of other
chromiunm plated surfaces when Ball ¥~2 bulleta and D.B, powler were used;

- (2) Cracking of the plate was less than that observed with an equal thicke

ness plated at Battelle,

J(F11)s Chroniup plate (Low Sontraotdonds 04901 thick, Fureau of

‘Standards, Kachinsd surface. Lands 0,005" high, D.B, pomder, Ball MR

bullets, 115 rounds fived.
Requita, (1) Fallure of the L.C. plate at the O.R. was sinilar to
that of the standard (il.C.) plates (2) After 35 rounds the L.C. rlate was

" in better oondition than the H.C. plate at the same stage; (3) After 70
rounds the L,C. plate began to fail rapidly and at the end of the test 1t

was in worse condition than the H.C, plate (J-F10),

J(F12): ¢ 4, " e Dureau of Standards,
Hachined surface. Lands 0,010% high, DU.B. powder, 7.E. bullets, 150

‘rounds fired, : —

. Repults. .(i) Plate was worn off the driving edge of the lands for

‘the full length of the liner and at the O.R. for 3/E® all over the lands and
tor 1/4" o tho‘groovéh; ' (2) Cracking was less than that observed with
" Eattelle plate; (3) The plate removed was much less than when Ball Y4-2 bullets

A were uged, (J-F10),
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 J(F15): Chromium plate (L,C.), 0,001" thick. Bureau of Standards.

Yachined surfacs. Lands 0.010" ﬁigh. D.B. powder. P.E. bullets, 150
rounds. fired, A |

‘Results. (1) At the O.R., L.C. plate was off{ the lands for
1/4%; (2) At the O.R., L.C. plate was off the giooygn for 1/8%; (3) L.C.
was off the ’drhing edge of the lands for 1.0"; (4) With P.E. bullets
th; L.C.. plate suffera less erosion than the H.C. plate (See J-rz),

J(r4)s Chromius olate (standard), 0,005" thiok. Battelle, Elso-
tropolished. Lands 0,005" high. D.B, powder. Ball N-2 bullets. 115

rounds fired. ‘

Results. (1) The plate was cracked and pitted in several
places, but was adhering to lands and grooves and showing comparatively
1ittle failure; (2) Thor& was very little difroronoo Detween the erosica
with Ball M-2 bullets in this test and &t with P.E, bullets in Test
J(rs); (3) The thickness of the chrome plate lpp..lrl to be the main fao-
tor in obtaining protection of the bore surface of gun steel.

J(rS)s Chromjum plate (standapd), 0.001" thick. Bureau of Standards.
Machined surface. Lands 0.010" high. D.B. powder. A.T. bullets. 150

rounds fired.

A Resultg. (1) Plate was coupintcly reacved from the bore surface
for 7/16* from O.R. Failure on the lands extended to 2-1/2* from O.R.,
and the removal of plate from the sdges of the lands extended the full
length of the liner; () Much more plate was removed in this test than

in that where P.E. bullets wers used (J-F12).
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J(rs)s Chrosium plate (L,C,), 0,005" thick. Bureau of Standards,
Machined surface. Lands 0,010* high. D.B. powder. P.E. bullats, 440 .
rounds fired. |

Resylts. (1) Cracking and arinkling of the plate at the O.R.
was slight but the gun steel beyond the liner was severely sroded causing
& drop in acourscy sfter about the 300th round; (2) At the end of the
test both pressure drop and velooity drop were negligible. This zay be
compared with & AV = 200 fps. after 210 rounds with P,E. bullets and une
protected gun steel; (5) It is estimated that a high velocity gun u:ing |
D.B, powder should have a bore surfage chroajum ph;tod for at least 32
calibers from the O.R., and prefersdbly for the entire length,

I(n7)s Chrosiun plate (H.Ce)s Q.205" Whicke. Buresu of Standards.
Machined surface. Lands 0.010" high. D.3. powder. P.E. bullets. 430
rounds fired.

During the deposition of the chromium plate the current was
interrupted as s result of a bdblown fuse.

Resultg. (1) There was neithsr significant wear of the plate
nor serious failurs of the underlying gun steel; (2) Probably dus to the
interruption of the plating current, scae layers of chromium, 0.001%-
0.002* thick, were removed at varicus points along the liner; (3) After .
430 rounds both pressure drop and velocity drop were negligible; (4) If
the loss of chromium layers (2) is disregarded, thers appears to be no
significant difference between the erosion resistance of the L.C. phto ’
and the standard (H.C.) plate.
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J(P13) 1  Chromiun ¢late (L,G.), 0,005" thicke Buroau of Standards,

IS

’ _}iachined aurfaco, Lands ').()li)" Lhighe D.3, pomdar, ¥,I, btullets, 430

' rbund'n fired,

Thoss conditions duplicate tljx-éso' inJ (b‘f?) oxsept tlat in this

- case the plating current was not interrupted,

Bosults, (1) The plate folled at the bullet seat and at the
O.R. for 1/4% (2) 1/2" beyond tho O.R, the plate failad on the lands and

~ the expcsed steel was saversly undercut; (3) Both Vprensure drop and

velocity d'rop were insignificant, This may be gompared with the results

~ with P.E. bullets and unprotectad gun stuel aftor 290 rounds as followss

AP = =8,000 £osals, AV = <270 £opese’

2(F20): Chroadua ulate (L.C.), 0,005" thigke Bureau of Stmdards.
Machined surface. Lands 0.,010" high. D.B, powder, A.T, bullets, 220

. rownds fired.

Rogulis. (1) At the O.R. the plate falled seriously, the em-
posed steel being severely soored and undercut; (2) The velocity drop at
the end of 220 Tounds was =294 f.D.8ey OF a AV -200 f,p.s, after 180
rounds, The ymmi drop m «9,200 pesoede; (3) When A,T, bullets are
used, a chromiun plate 0,005* thick doubles the velocity life of the cal

 1ber .50 barrel,

J(F24)¢ Chromium plate (F.C.), 0,005" thick on 8" gteel liner.

Bureau of Standards. Xachined surface. Lands 0,010" high, D.B. powder,

AT, bullets, 226 rounds fired,

Resulis. (1) The plate was removed from the O.R. and from the

surface of both hﬂdé and grooves for 5/8" 3 (2) Throughout the liner more
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plate was loat by the grooves than by the lands; (3) Ixposed stoel waa

soverely asored and underent causing a slgmificent drop In rrosaure.

4(F27)s Chromiun plate (H,C.) 0,005" thigke Bureau of Standards,
Elestropolished, Lands 0,010" high, D.B. powder. A.T. bullets. 361

. rounds fired,

_Resultae. (;)' At the O0.R. plate was removed for 5/16" after
361 rounds, Beyond this the plate was cracked but still adherent;
(2) Exposed gun steel was seversly scored and undercut oausing a large
drop in pressure;  (3) Since the pressure drop in caused chiefly by the
erosion at the O.R., the pressure drop as a function of rounds fired ine
dicates how soon the plate begins to fail at the O.R.

I(F0)s Chroatus nlate (L,G.), 0,008% thick, Bureau of Standards,
tlectropolished, Riflod, lands 0,010" high, D.B. powder. A.T. bulletss
291 rounds fired, |

Regultae (1) At the O.R. the plate was removed from both lands
and grooves for 1/2"; (2) Eeyond the O.R, the plate, though cracked and
wriniled, still adhered to the steel; (3) Exposed gun steel was seversly
eroded, Thil caused a large drop in both pressure and velocity; (4) Im
J(F20) conditions were the same as in this test eiuept that the steel
surface was machined instead of being electropolished, A_canp;rhm

shows that less plate was removed from the electropalished surface,

J(F40)s Chromium plate (%,C.), 0,005" thigk, Bureau of Standards,
Rifled, lands 0,010" high, Monoblos steel barrel, Elestropolished, D,B,
powder, 460 grains FHES 1770,240, A.T. bullets, 311 rounds fired,




——
CO Dy TIAL

- 134 -

Ragultazs, (1) At the O.R, plate was removed from both lands and
grooves affor 90 rounds, and elsewhera tharas was cracking and pitting of
the pla_t,o. These conditinona became progressivaly worsej (2) A drop in
vélooity of 200 f.pess occurred aftor 220 rounds,

J(EA)s Chromiun rlate (H,C.), 0.010% thicke Burcau of Standards,
Yonobloc steel barrel, Electropolished, Rifled, lands 0,010" high,
D.B. powder, 460 grains #HES 1770,240, A.T. bullets, 83 rounda firod,

The H,C. chromium plate was depoaited in 3 layers by a method
which givoo the overplate good adhesion,

Bosultae (1) At the end of the test the plate was removed
in small areas up to 9" beyond the O,R. The plate which still adhered
was cracked and blocks were raised above the surface; (2) Due to this
roughening of the surface exsessive pressure developed which caused
punctured primers and extrastion difficulties tius torminating the test,

J{F6Q)s .0045" H,C, Chromg. Double Pase (20% ¥.G.) pomder,

Eiring Conditicns. 390 grahs of Do.ble Zase (20% N.G.) powder,
Pre-sngraved steel banded bullets, Firing schedules III, Fired 570 rounds.
Monobloo gun steel barrel 45" long, FPlated on electropolished gun steel
by the Fhiladelphia Rust Proof Company,

" Begults. Examination of the fired barrel showeds (1) removal
" of the plate from the bullst ssat area started during the first erosicn
groups (2) as firing progressed the removal of chrome plate incrsased;
(3) very asvere srosion occurred during the third erosion group; (4)
failure of the gun ocourred during the fourth erosion groupy and (5) vele
ooity drop of 200 f.p.s. ocourred after 450 rounds.
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1‘2‘5“3 .Qn?&" W&, Chro-e vinta,
Fiping Conditionge 47" grains Ia powder, Pre—ongrnvodv bullets,

Preaaure )b,OOO p.s.i.(Cu) - Velooity 3575 to 3625 f.pen, Fired 10

' preasuro rounds + 60 erosion rounds at 4 P, ‘.{. —— -

Ligors FPlated on sleotropolished gun steel liner,

Resultz, Exsaination of the plated surface after 70 rounds
showed: (1) no chrome plate was xfembved @d, (2) no 'ohooko_x" oracking was
visible, -

Z(F62)s L0041" H,C, Chrcme clatee
FAring Confitions. 476 greins DR pomler. Pro-engraved bullets,

"Prossuro 58,600 p.s.i.((m) « Velocity 3575 to 3625 £,p.8, Fired 10

pressure rounds + 60 erosion rounds at 4 R,P.M,
 Llgex. Flated on olootropolhhd gun .tool linor.
m Exanination otthopht«! surface after 70 rounds

~ showeds (1) no chrome Pht' s !'-W'do and (2) slight checker crascking —

was visible,

J(F63)s m_n.g..nm._mn.
Mﬁm 476 ardn- of IR po'du'- Pre-engraved

' h!llotl. Fressure 58,300 p.l.i.(Cu) - Velooity 3575 to 3~*25 f.p.se Fired

10 pressurs rounds + 60 erosion rounds,

Linerx. Platod on oloetropol:lahed gun steol linor.

Resultse Examination ot the phtod mrtaco aftar 70 rounds
showeds (1) no chrome phto m renond, and (2) the checker cracking

~ was easily visible,
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I!k“" “ Qrmgu 1.c Chroma E‘] ﬂsiO

A:\B;’MM( NS grnias of IiR jowder, Pro—ongrafad
bullets, Fressure 56,900 padeis(Cu) - Velocity 3575 to 3625 £ep.s. Fired
10 pressure rounds +v60 erosion rou.ndhv '

Linare. [Plated on electropolished gun stael liner,

Mﬁ. Examination of the phted surface after 70 rounds -
showed: (1) no chrome plate was removed, and (2) the checker cracking
was easily visible,

J(F65)s L0033" H,C, Chrome plate.

Firiog Conditiong. 98 grains of FIH-¥2 powder., Pre-engraved
bullets, Pressure 56,800 p.s.i.{Cu) = Velooity 3575 to 3625 f.p.s, Fired
10 pressure rounds + 60 erosion rounds. o

. Liper. Plated on elestropolished gun steel liner,

Resultse Exanination of the plated surface after 70 rounds '-
showsd: (1) the chrome plate removed 1/8%, and (2) the checker crasking
very faintly visible,

J(F86) s T H,C e} 315

Firing Copditions. 405 grains of FiH-U2 powdere. Pre-engraved
tullets. Pressure 57,700 p.s.i,(Cu) - Velbcitr 3575 to 3625 fepes. Fired
10 pressurs rounds + 60 erosion rounds.

Liner. Plated cn electropolished gun steel liner,

Regultge Exanination of the plated surface after 70 rounds
showed: (1) the chrome plate removed 3/32%, and (2) the checker cracking
faintly visible, '

ONFIDE:
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| Eirioz Conditionge 410 gralns of FiH-Y2 powdor, Pro-engraved
bullets, Prossure 57,007 p,0.is(lu) = Voloelty 3575 to 3625 fepess Fired
10 pressure + 60 srosibn rounda,
Linere Tlated on elestropolished gun steel liner,
Regultye Examination of the plated surface after 70 rounds
showeds (1) no chrcme plate was removed, and (2) the checker cracking
was easily visible,

L(FSR)s  20075" L.G, Chrone riata,

Ziring Copditionge 405 gralus of Filied2 powder. Pre-engraved
bullets, Tressure 56,300 p.s.i.(Cu) - Veloodty 3575 to 3625 f.p.s. Fired
10 pressure rounds + 60 erosicn rounds,

Liner. FPlated on electropolished gua steel liner,

Regultse FExamination of the plated surface aftar 70 rounds
showeds (1) no chrome plate was removed, and | (2) the checker cracking
was nost pronounced,

L(F69)s ,Q028" LG, Chroge Hlatg.

Ficiag Conditionae 365 gralas of Double Base (40% 1.G.) powder.
Pre-engraved tullets, Pressure 55,900 pes.i, - Velocity 3575 to 3625 f.p.s.
Fired 10 preasure rounds + 60 srosion rounds,

Liner. Plated on elsctropclished gun ateel liner,

Regulta. Examination of the plated surface after 70 rounds
shoved: (1) the chrome plate removed 2-1/2", and (2) the checker cracke
ing was very faintly visible,

R
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J(EZ ) 0'\5{," H,C, Chromg "]n!‘é . '
Firing ('gnd;tzgnn. 360 grains of Double Pase (40, ¥.C.) powder,

h‘c-engravod bullets, Presoure 56,100 p.8.il(Cu) = Volocity 3575 to 3625 .

fop.ss Fired 10 pressure rounds + 60 erosion rounds, e

~ Lineg. " Plated on electropolished gun stusl liner,
 Romylts. Exanination of the plated surface after 70 rounds
showeds (1) the chrome plate romoved 2v,.and (2) the checker cracking

‘was faintly visible,

B Bﬂn&.ﬂaﬂmml ‘360 gralns of Double Base (40% N,G.) powder,

Pro-.ngund bullets, Pressure 56,%0 p.a.i.(Cu) - Velocity 3575 to 3625
fopess Pired 10 pressure rounds + 60 erosion rounds,

Liner. Plated on dootropolished gun steel linor.

M L:mnination of the pla.tat! surface after 70 roundl
ahdtedx (1) the chrome plato removed 3/8%, and (2) the cheoker cracld.ng

| was easily visible,

m-j_g)_s .9_0m~ HoC, Chrome rlata,
| mm.smmm 363 grains of Double Base (z.osc N.G.) pomders

Pro-ongraud bu].l.otl. Preuure 58,000 peseil(Cu) = Velocity 3575 to 3625

- showeds -(1) the chrome plate removed /40, and (2) t.he checker cracking

fopes, Fired 10 pressure rounds + £0 erosion rounds.
Liger. Flated on electropolished gun stesl liner, " |
" Regyltse Examination of tho plated surface after 70 roundl 4

nost pronounced.
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J(F73)s ,0Q3" ”,(‘}'.‘ Chromge Double Dase (407 11.G.) poider.
| Eirinz cond 1@, 355 grains Double Ba.e (40F N.G.) powder,
Pre-engraved stcel banded builets. Firing schedule II, Fired 98 rWt,
Nonobloo gun stesl barrsl, 45" long, Plated elootropoliéhed on gun steel,
Resultze Exanination of the fired barrel showed: (1) removil
of the plate from the gun steel surface, and severe oréaion of the exe
posed gun stcel for a distance of 1,5" beyond the O,R.j ard (2) a vele
oolty drop of 200 f.p.s, ccourred after 120 rounds,

J(F79)s 4093" H.C, Chrozes Double Base (207 1,0.) powder,

Eirdog Conditions. 293 srains of Doubls Base (203 H.G.) powdere ‘
Pre-engraved bullets, Firing schedule IIT, Fired 510 rounds, Monobles
gun steel bartel, 45" longs Plated on aleotropolished gun stoel by the
FPhiladelphia Rust Proof Company,

Resultse Exaaination of the fired barrel showed: (1) plate
was completely romoved from the origini (2) sixty per cent of the plate

.....

4 inches the plate was off in areas with the remaining plate aracked and
wrinkled; (4) this condition of the plate diminished at 20 inches; and,
(5) a velocity drop of 200 f.p.s. cccurred after 470 rounds,

J(FIO0)s 002" Circme plate. THR powder,
Biring Conditiong. 476 grdins of DR powder. Pre-engraved
tullets, Firing schedule III, Fired 820 rounds, FPlated on electropolished
gun stesl by the Philadelpnia Rust Proof Company. |
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Rasulis. Zxamination of the fired barrel showsd: (1) bullet
seat and origin of rifling completely eroded amay; (2) the lands were
905 eroded away from O.R. to 4" boyoﬂ 0.R., and the grooves were mod-
orately eroded; (3) the lands were 80% eroded away fron 4% to 8" be~
youd O.R., and the grooves wers scaling; and (4) fros 8* beyond O.R,
to the mussle, the lands were 705 eroded away. Thers was seeling of the

grooves,

4(NC2)s L004° Chroge Plate. Double Base (408 H.C.) powder,
Piring Condisdcas. 280 greins Double Base (403 ¥.Q.) powder.
Pre-sagraved bullets, Piring sehedule ITI, Fired 147 rounds. Momcbles

barrel plated by the Philadelphia Rust Proof Company.

Results. Examinatiom of the fired barrel showeds (1) plate
ing ocompletely off bullet seat; (2) plate off land and grooves for
1-1/2° a% 12 o'elock,several small areas off,desp scoring; end (3)
some sooring up to 8" beyond O.R.

I(7304)s ,CO3® Chrome Plats. LR powder,

Piring couditions, 478 grains of IR powder. Pro-mnd_
bullets. rYiring schedule III, Fired 5112 rounds. Monoblos barrel,
plated by the Philedelphia Rust Proof Cospeny.

Resultg. Examinatiom of the fired barrel showeds (1) slight
erosion in form of small holes appeared at the origin of rifling aftsr
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827 rounds (2) erosion progressivsly increasad; (5). the origin of
' rifling after 5112 rounds had a deep and wide groove at 12 o'clock, there
vas huvf pif.ting'lnd‘ lbtillngg (4) groove becane deaper »ut 1/2' to 1"
' bw 0.Re = driving edges of 'tbo lands were badly prododj and (5)
heavy pitting and scme cpalling from 4° beyond 0.7. to mussle. |

ﬂz;m: w Doubh Base (40: l.o.) povdor.

W 860 grains of Doublc Base (408 ¥.G.) powe
dere Pro-onmna' bullets, Firing schedule III. Fired 262 rounds.
Honobloe barrel plated by the Philadelphia Rust Proof Coapany.

v Rasulis, Sxasination of the fired barrel after 252 rounds
showedt . (1) at bullet seat, 505 of the plating was eroded avay)  (2)
the plating at the origin of rifling w;- ocompletely ercded; (3) very
deep erosion from origin to B inches bayond at 7 a'clock to 12 o’closk)
asd (4) most promoussed cheeker cracking throughout resainder of bar-
rel.

Z(7133)s 05" Chrose Plate. Doudle Base (208 N.Q.) powders

Ziring Conditdcns. 400 grains of Double Baze (203 K.G.) pow-
der. Pro-mvod bullets. ﬂring sehedule III. Fired 825 roundl,

Howloo bnrrd, phhd by the Phihdolphu Rust Proof Company.

m !xninluon of the tu-od barrol thanda (1) a very
desp erosion groove 1/!" from bullet seat at 3 o'clock; (2) tho neck

mnm
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‘shoulder 30% eroded avay; (3) bplate all off at the origin of rirnhn

(4) spalling in the grooves st O.R.; (5)\'houy checker-work oracke
ing from O.R. to 4" bayond; (8) lands st 6 ofolock and at 5 o'clock |
completely eroded for one inch in srea fros O.R. to 4" beyond; (7)
driving edge of lands spotted with erosion; and (8) 1and at B o'olock
§ inches beyond O.R. half eroded avay,

4{7213)s 004" Chrome Plate. IR powder.
Riring Canditionge 478 grains of mn powder. FPre-engraved
bullets. Firing schedule III. Pired 1232 rounds. Monoblos barrsl,
plated by the Philadelphia Rust Proof Compeny.

Pagults. Pxsaination of the fired barrel showed: (1) neck
shoulder and bullet seat very badly eroded; (2) seversl erosion groovee

_ from origin of rifling to 5% boyond; (8) pitting and spalling in the

grooves; and (4) lands eroded tlroughout the barrel.

LA(29)s Cxromium plate (L.C.), 0,005® thick. Buresu of Standards.
Moncbloo gun steel barrel. Length 85% (45® plus 20° wmussle extension).
Elestropolished. ZFointed lands at the 0.R. Double Base powder.

P # 58,100 peseles Vo = 3910 £.p.s. Pre-eagraved bullsts. 1007 rounds
fired.

The barrel mas plated at the Bursau of Standards, but the
suszle exteasion was taplated. The plate thiokness on the lands varied
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 from 0.0051* at the O.R. to 0.0N12" st s roint 32° beyond,

Ragults, (1) Af%ar 94 rounds, ollght crucking end wrinkling
of the plate was visible. After 254 rounds, blocke of plata weare re-
moved froa the driving aige of the lands whers thay reaca thoir full
width, The pointed lends were in good =omdition ¢o zuide the pre-engraved
bullets until after rousd 58453 (2) Tas rato of srosion at the O.R. wes
vory slow, until after round 700 (3) The cosbination of pre-engraved
bullets with a chromium plated (0.005" bore surface showed a lifs 10
tizes that of gum sieel, and 5 tises thst of a chrosius plated barrel
firing artillery type Dullats under hyper-veloeity conditicas; (4) The
radius of dispersion at 100 feet was constant to the end of the test with
oaly ou tipper.

LMZ13)s Cirosium Plate (3,C.), 0,005 thicks Buresu of Standards.
Noncbloe gun steel barrel (45% leagth). Zlestropolished. Double Base

powder. Lands 0.010° high. Pressure = 55,100 p.s.i., Velocity = 5880
f.p.s. Parco-Lubrized pre-engraved bullets (costing < 0.0005%). 2773
rounds fired. ,

The bullets were coated by ihe Parker Rust Proof Cospany of
Detroit, fichipan. ’

m. (1) Plate pss greduslly rewoved from the bullet seat
and from the O.R. after 17il rounds. At the end of the test, the plate
had Deen removed from most of the bore surface to ths aniddle of the bar-

rel; (2) The inerease in diameter of the lunds was pegligible to 1151
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rdundo, and then increascd to 0.C62C" at 2775 rounds. Thus the Parco=
Lubrized 'pro-qngruind bullots vers very affective in prolonging the oro-
gslon 1ife of a chroaium pilated (0.005") berrsl; (3) The dro'p in pressure
and in velooity wau nogiigible ta round 1561, Thersafter it inorsased

vith finsl vaives of AP = -1£,000 p.2:d., snd &V = <560 L.pes.
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2, COBALT AD COBALT ALLOY PLATED LIMM-RSs |
J(F35): Covalt alloy (50F Co + 204 M) 0,006" thigk. Heat treated.

Buresu of Standands, Electropolished. Rifled, lands 0,005% high, D.D.
,,,,, powder, Ball M2 bullets, 70 rounds fired, |
After being plated the 8" steel liner was heated at 600°C, for 1
hour, This increased the hardness of the plate from 500 to 800 micro-Vickers.
Regults. (1) Failure of the cobalt-tungsten plate began at the Sth
round and proceeded so fast that it was npt possible to establish the rroper
powder loady (2) Causes of failure were poor adhesion, brittleness, and melte
ing of the plate; (3) This plate afforded no protection to the gun steel,
The 1oss of metal was as great as that of gun steel alane,

J(Z26)s Cobalt vlate, 0,0053" thigk, Bureau of Stacdards. Eleotro
pdw. Rmd’ hnd. 0.005" hi‘h. D.BQ PMO&'. B..ll u-2 b\lu.tl. 153
rounds fired, ’

Resulta. (1) After 153 rounds the O.i, was still in good condition
vith the plate adhering to the stesl surface, but beyond the O.R. the plate
was pitted, scored, and oracked, probably due to both rowder gas erosion and
bullet wear, '

J(F37)s Cobalt allgy (26% Co + LAY W) 0,006* thick. Bureau of Standards,
Electropolished, Rifled, lands 0,005" high, D.B. powder, Ball ¥-2 tullets.
156 rounds fired,

The hardness of this alloy plate was given as about 400 mioro-Vickers.

‘Regultse (1) After 140 rounds the plate was removed froam. the bullet
seat for 1/4" (2) The surface of both lands and grooves was badly scored and
cracked showing the effeots of severe gas erosion; (3) Cage measurements
showed the loss of metal from the lands to be only slightly less than that of
unprotected gun steely (4) Although the alloy plate adhered to the steel, it

CONFIDENTIAL ,77\,/;

o




- 148 -

failed to withatand the erosive ef{ascts of the powder yasos under hyper-

velocity conditions,

J(F33)s Duplex alloy (96¢ Qo + 1AL ¥) 0,000" thick. Heat treated.
Duresu of Standards. Eleotropolished, Riflod, lands 0.005" high, D.D,

powder, Eall M=2 bullets, 70 rounds fired,

After being plated the liner was heated at 600°C in yacyo for 1
hour, This increased the hardness of the plate to more than 500 misro-Vickers,
Rasults. (1) At the end of the test the plate was found to be cracked
end removed for small areas for the full length of the liner; (2) Cage messure-
nents show that the ercsion was severe; (3) Heat-hardening the plate increased

_ its hardness, but also caused more cracking, It lacks resistance to powder gas

erosion,

2r9)+ Dunlex slloy (82¢ Co + 197 7) 0,006% thick. buremn of Standards,

 Eleotropolished, Rifled, lands 0,005" high, D.B, powder, Ball k-2 bulletss

150 rounds fired, ]

The hardness of this alloy plate was given as about 450 micro-Vickers,

Resultse (1) This plate was adherent btut lacked erosion resistance
in & manner very similar to that of J(F37). ,

2(7i2)s Cobelt allay (CooW) 0,010 thick. Burean of Standards, 8°

steel liner, Electropolished, Rifloed, lands 0,005" high, D.B, powder, Low
presaure (52,900 p.s.i.). Ball M-2 bullsts, 86 rounds fired,

The Co-# plate was deposited in two lgyora.b The inner layer (next
to the steel) contained about 10% W and was about 6.005' thick, It was plated

at a current density of 2 anp/in®, The outer layer (bors surface) contained

sbout 5% W and was also about 0,005% thick, It was plated at a current density

of 1 emp/da?,
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Rogultg. (1) Zxcept for a small area at the end of the liner, the _
plate adhered to the stenl, bu_f. 1t was not re:istant to powdér gas erosion
being deeply scored for the oatirs longf.h; -,(2) Cracking 9ag severe dimine
{shing toward the end of the liner, iiany of the cracks were circuaferential
indicating a lack of ductility; (3) At the 0.li. the lands were swaged and
eroded completely nﬁy; (4) “ue erosion ria loss‘ than that thich- occurs
with gun stesl, The Co~ plate should be able to resist erosicn caused by
single base powdnr'.. ‘ ' |
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J(¥32)+ Duplex plate (757 Hi + 25% W) 0,0032“ thigk. Gureau of

Standards, 8" steel liner (T-120 ti-%y2), Elactropolished, Rirlod,b lmdl
0,005* highe U.i, pomdor, Dall M-2 bullots, 87 rounds fired, |
After deposition the plate was not heat treated, Its hardness was

'nBout 600 micro=Vickers,

Ramultae (1) Removal of the alloy plate began early and at the

end of the test resulted in complete stripping of the surface for the full

length of the liner, This was probably dus to the lack of a good bond be=
tween alloy and steel surface; (2) The alloy plate affordod no protection
to the steel which was severely eroded on both lands and grooves,
4(F33)¢ Duclex plate (753 Ni + 25¢ W) 0,0042" thicke Heat treated,

Bureau of Standards, 8" steel linar (T-120 N1-¥43), Electropolished,
Rifled, lands 0,005" high, D.B. powder. [all -2 bullets, 70 rounds fired.

After dop;;ition of the plate the liner was hesated at 600°C for 1
hour, The hardness of the plate was 700 mioro-Vickers,

Resultse (1) The plate was rezmoved complately for the full longt.§
of the liner, probably as a result of poor bonding; (2) Heut treatment at
600°C for 1 hour did not inprove the performance of the plate,
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. 4. DUrLER HIATLD LINENS:

| _._I_Lll)_x Chromiym plate 9,07 thick. Cver chromium u coppor plate
0,0002=046003" thick, Steel surfuce machined, Rifled, lundu ©,005" high,
Lm;r in two sections, 4~1/2" wud 3-1/2" 1espoctively, Lids plated with
copper 0.005",6.010" th;ek. D.B, powder, Uall il=2 ullets, 45 rounds
fired,
Aftor being pluted as In J(F3) the liners wore sent to M.I.T,

~ where the copper plate was applied,

hasultse (1) The copper plate soon left the clromium plated sure
face and produced no improvement in the erosion at the O,R,

J(¥19)s Chrowium plate (H,C.) deposited upon copper platee Burean

of Standards, Thickness: Cr = 0,001", Cu = 0,001", %achined surface.

 Lands 0,010" high, D.B. powlers A.T. Dullets. £0 rounds fired,

Ragultse (1) 1he duplex plate began to come off at the bullet seat
and the O.R. after round 10; (2) The soft undercoating of copper plate is
either melted or softened by the heat of the powder gases and then rubbed
looss from the steel surface by the friotion of the tullet; (3) The above
combination of platings does not improve the rssistance either to powder

gas erosion or to mechanical wear,

4(F2l)s Chromium plate (H.C.) deposited upon nickel platee Thicknesas

Cr = 0,001", ¥i = 0,001", Bureau of Standards, iachined surface. Lands
0,010" high. D.B, powder, 428 grains D.B. powder (HES 1770,239).
Pg = 54,300 p,sele A.T. bullets, EO rounds fired,

Regultge. (1) The soft undercoating of nickel plate failed in the
same way as that of copper (J-F19). The nickel is probably softened and

CO‘ 'lT
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worn off by the friotion of the bullet; (2) The above conbination of piatel
does not improve the resiatance of 'ohrmigj plate elther to powder gas . |
erosion or to mechanlical wear, ' .

J(k22)¢ Glromium plate (11,%,) dencotted uzon nickel ylate on top of
aguper plate. Thicknass: Cr = 0,071", ¥1 = 6,001", Cu ='0.601,'_’.. Bursau of
Standards, Mschined surface, Lando 0,010" high, D.B, josders A.T. tullets,
10 rourda fired, | | _

Bogults. (1) The test was torminated after 10 rounds because of the
complete removal of fho plata froa thg'a'tgvl nurfao§ iat -theo.fi. | o
gopper alloy. 0,005 thick, Dureau of Standarda, Yeohdned surface. Lands
04010" high, D.E. powder. I.E. bullets, =0 rounds firod, |

An 8" liner was made from a rod of Ohrdniun-coppar a.lloy :hiéh had
been precipliation hardened by heating for throi héur- at 440°C, ~ The prop=
erties of this liner are given below: | - o

lcixromiwn 0.85% Harness (Rockwell B) ~ - 81

Silieon  0,10%  Tensile Strength - 23,000 p.s.i,
Copper 99.95% Yiald Strength 744500 p.3.i.
Ropultge (1) At the O.R. tue plate was entirely removed after £0

rounds; (2) Cracking of the plate was slightly less than usual, Ezanination
of the liner was difficult because it was destroyed in trying to remove 1t
from the brech section, : o : _
J(F43)s Duplex alloy (Co-T) olus chrondun plate, 0.009" thick, Bureau
of Standards, &" stesl liner, Elcctropolished. n_m_ed, lands 0,005* high,
D.2, powder, Ball M-2 bullets, 23 rounds fired, o
The Co-7 alloy mas plated in two layers, The inner layer, of about
0,005", contained about 10 W and was plated at 2 anp/dm®. The outer lager

N h .
CONFIDENTIAL -

)5%-17




CUIEID: NTIAL
- 151 -

of about 0,002", contained approximately 5¢ ¥ and was plated at 1 amp/dm2,
St1ll another layer (bore surface) but of chromium (it.c.), of about 0,0:2%,
was deposited on top of the Co- alloy,

T Resulis. (1) At the O,R. checkerework cracking and loss of plate
‘from the lands was moderate; (2) In the forward half of the liner cracking
and powdox_- gas erosion was severe; (3) Fatlure of the plate was due to
poor adhesion nt-tho 0.R., as well as oracking and npdlmg along ths borej
(4) The effect of the chromium plate was to protect the Co-W alloy from
powder gas oi‘ouion; (5) At the end of the test the drop in pressurs was
negligible.

J(F44)s Cobalt plate plus chromjua plate, 0,000" thick, Bureau of
Standards, 8" steel liner, Electropolished. Rifled, lands 0,008" high,
D.B. powder, Ball ¥-2 bullets. 95 rounds fired,

The thickn.n of the co'balt ph.t. was 0,007" and that of the
' ohrcniun plate was 0,003%,
Results. (1) Throughout the liner tho adherence of the plate was
good except beneath the neck of the cartridge case, Difficulty with ex-
traotion terminated the testy (2) At the 0.R. there was only aild cracking
of the bore surface; (3) The performance of the plats was so promising it
was recommended that a second liner be plated and the test repeated.

J(F91): Liner J. Cobaltechromium duplex plate on gun steel liner,
Eloctropolhhed. Bureau of Standards,

'Firing Conditions. 470 grains D.B, (20% :'.G.) powder, Ball M2
bullata. Piring schedule II and III, Total rounds fired 292,
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m Gun stesl plated with Co 0.0089" plats, followsd with
0.0032* H,C. Cr plate. Bore 0.500%, '
- Resylts. Exsmination of fired liner showed: (1) Cr plate ruovo&
from 5 lands at O.R. for 1/8. Remainder cracked and wrinkled but adhering;
(2) Bors constricted in bullet seat nnd O.R. area. Test conoluded due to

pressure inorease caused by oonstriction,

J(792)s Liner II. Cobalt-chromius duplex plate on gun steel liner.
!loctropoliuhod; Bureau of Standards.

Ziring Conditions. 478 grains D.B. (20% N.0.) powder. Ball M-2
bullets. Firing schedule III. Total of 501 rounds firad.

Liner. Gun steel plated with 0.0088* Co followed with 0,0025%

Cr plate. Bore 0.5005. ‘

Rasults. Exaaination of liner after firing showeds (1) Plate re-
moved from all lands from O.R. for 2°%; (2) Slight pitting of au.fflu beyond
this point; (5) Severe erosion of mtl.o section. PFallure of liner ine
dicated dy drop in velocity mainly due to erosion of mussle section.

J(rc8)s Limer III. Cobalt-tungsten chromium duplex plate on gun
steel liner. Eloctropoulhod‘. Bureau of Standards.
Ziring Conditions. 470 grains D.B. (208 N.C.) powder., Ball -2
bullets. Total rounds fired 62, ' |
Liner. Gun steel plated with 0.008" cobalt-tungsten alloy plate,
followed with 0.0022% H.C. chromium plate. Bore 0.500%.
| Results. On examination after firing, these conditions were noteds
(1) or phto cospletely removed from linds for 4® beyond O.R. and much from

the grooves for 2%,

ofoR1a kI8
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5, MOLVIDENIM PLITED Lintkg,

(a) Gun Eteel Lineru,

J(¥25): Liner Ho 97G, 0.0025" tnlck deposited upon s steel liner,

Smooth bores DeBs pondor. Ball U-2 bullets, 80 rounds flrcd; flring
Schedule II.
A smooth dore gun stoel linor of dinmetor 0.515" vag plsted '
wvith a layer of molybdenqum,
In the cuse of thls liner the gluss water iat.urator crackad
during the plating PTOCesa, a3 a result of which the plate waa removed fnd v
tho liner cleaned for the second time by electropolishing, ‘The cleaning wes
not entirsly satisfuctory, since there were sone thinly costed spots near the
cartridge czse neck.
Results, _
(1) At the O.R. the removal of the plste, after LY munds,
~ was extensive sud tne erosion was severe, ‘
(2) The cauce may be (a) the plat§ was not thlck enough to
prevent the foraation of an zltered layer of steal beneath; (b) tho steel sure
face may not have been thoroughly cleened, leaving sn_all.‘ar‘eu with an oxide

coating,

Smooth bores DeB. powder. Ball M-2 bullets. 80 rounds fired. Firing

' Schedule 1I1.

The plating operstion was continued forv'qbout 70 hours st a '
temperature of 625°C,

Results, N _
(1) After 80 rounds.the plate was elmost c‘omplétély removed

from the entire length of the liner,

ONFIDENTIZL , ’(; ] .
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(2) Fxposed gun utuel showed tnormel cracklﬁ;.

(3) Tha liner could not be foréod frem the hreech cectlon
sftor firing, posalbly becruse Lty physiccl properties had boen sltered
during tho prolouyed hernting at-525°C,

J(F23)s Lin.r M§ 106G, 0.00;2" thick depositnrd upﬁn‘n steel liner,
Smooth bore. Pluting tempersture 525°C. D.B. powder. BDBall d4-2 bullets.
20 rounds fired, Firing Schedule II.

Rosultse

(1) Gamall sress of plute were rcmoved frozm the steel surface
20stly toward the suzsle end of the liner.

(2) Tho plute siowod neither thermal cracking nor other evi-
dence of powder yaa erosio;z.v |

(3) »‘rhveré wes 10 permanent expsnsion of this liner during toe
test, hénco it wes removed from the breech section with ense,

_ 2(FSL); Liner Mo 312, Hifled, linds 0,005" high. Single base (LN)

powder. No crosion schedulss Bsll ¥-2 bullets. 3J rounds fired. Plsting
procedurs siomn in Table XVILI.

Results,

(1) puringvroundn 16 - 20, with u churge of 450 grsins, the
plate ﬁegan tolcoﬁo off in tue region sround the O.R., c=nd =fter snother
10 rounds it aad beiﬁ‘renovnd from all the linds.

- . (2)-V4t the end of the test the plate wus ne:rly all off the
ﬁréech half of the iinor and what was left on the muszle half was blistered

- apd.hearly resdy to come off.

~ (3) The bondiag of plite to steel wis weak.

COLFIDFNTIAL
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J{¥75) MBE: do_356, Coted with «JU5" aolybdonun.
!"L‘rL"xg‘ Cond ttlonsg ~ Greduslly lnereuued loids of slagle
bese [JR powder, bull d-2 bullets. 'Firlng sSchedule Vo Fired 100 rounds,
Pluting techmlque chomn in Teble XVIII. |
© Bosults, Exacinution of tae fired liner ahosed (1) bllsters
forned on tie plite during the second 5-round group, znd (2) the plute
was removed in lirge srans during the 60 round eraslon group.
J(F78)s Liner Mo 360. Coated lith'.005' molybdenume
Firing Conditions, Grudually incressed louds of single bsse
DR porder, Bell 4-2 bullets. Firing Sehedule Vo Firced 100 rouncse
Plating technique shown in Tsble XVIII. |
nosuitg, Exazinution of the firod liner showed (1) plate
failure in the grooves started during the first 30 rounds, »nd (2) after
tae 60-round erosiom group the pl:te failure in tae grooves incressed.

90% of the plate wes removed from 2 grooves iun the 12 c'clock sestor of

the bors.
J{F30): Liner Mo 365, Couated with thin cobslt followed with 005"
solybdenum,

Firing Conditions, Gradually mcfeased loads of single base
MR powder. Bsll -2 bullets. Piring Sched!}lo Ve FPired 240 rounds.

Plating technigue shown in Tsble XVIIT. !

Results, Examinstion of the fired nan showed (1) the lands
st the O.R. aere in good condition, and (2) from the O.R. to the end of
the liner small areas of ifo plate were removed from the lands and grooves.
Failure of the pl:te appeared to be rt "ﬁﬁe"c‘obal&-;uolybdenun .

COMFIDENTIAL
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lntorface, siuce cobnlt ulete was «t111 cdhering to the sun stael surface,

J(F33)s Linor Mo 373, Cozted with ,000L" nickel :nd then 005"
molybdenum,
Firing Conditions, Grzduzlly incrsasad loads of slngiu buse

Lt powdere Dull d=2 bullets. FKiring Schedule V. Fired 30 rounds,. .

Plating technique snown in Table XVIII. |

Ragultu, Exaulnatlo.n of ‘Um fired liner shawed (1) fuilure
of the Mo plute on bullet scut started at 49,000 -p.a‘.L. pros!ui‘o, (2) .co_n-
tinued firing csused stripping of plute from bullet seat, linds snd grooves
for a Jictence of 1-1/4" beyond the 0.R., 2nd (3) frca 1-1/4" to the end of
the liner the plate wns in good condition.

2(229)s Liger Mo 374, Conted with ,0005* cobalt asnd then ,005*
molybdeaun,

MM. Gradually incressed losd of single buse
IiR powder. Ball -2 bullets. Firing Schecdule V. Fired 1CO rounds.

Plating technique shown in Table XVIII.-

Ragults, Exanin=tion of the fired lincr showed (1) small =reas
of Yo plute were removed from the tullot seat snd grooves ut the origin of
rifling, (2) the linds from O.R. to 4" beyond O.E. were in good condition,
and (3) 50% of the plate wns reaoved from the leznd znd groove surface at
4® to 3*® beyond 0.R, |

J(P90)s Liner Mo 375, Coated mith ,Q005* cobalt &nd them JOOL"

molybdemums, .

Firing Conditions, Gradually increased lozds of single buse
LR powder. Ball M-2 bullets. Firing Schedule V. Fired 100 rounds.
Plating technique shown in Table IXVIII.

CONFIDENTIAL




———————————————
R LASTHEN

RN §-Y A

Ruralls, faaztvetlon of thﬂ-flred licer choged (l) slight

.o plutu T uovul frow the odbo of the bullob ~eat occurred 2fter 3 rounds,

“sad’ (2) uftcr 100 rounds arers of plutu weTa off the bullet sest, all lands

at @helu.h} sna from the land ¢nd gr56Ve ﬁurfncé&tnrounhout tae linor,
J!Ez‘n ngur Mo 27§, Coated with .0005" nickel followed with
«005 molybdanun.
" Piring Coscitions, Gradually increvsed loida of slagle base
LR pouder; Binll =2 hullotu. Firing Schedule V. Pired 10U rounds.
- Plating tochnique shown in Teble XVIII. .
Renults, Exaninotion of the fired liner showed (1) removal

of uo'pluto from bullot vest »nd grooves for 1-1/2" beyond 0.F, occurred

‘after the first 30 rounds, mud (2) after 100 rounds 50% of the plate wus

: rnnovod fron the ‘bullet seat end QuRe area.

j‘ﬂl“ 12 2y rlo 330, Coated hl.th +0001" pl"t.inum, then ,000L1*

cobnlt and then .005' nolybdenul. - —
Firing Condggians, Oradually incressed londs of single base
Iﬂﬁ poader, Ball 4-2 bullets, Firing Schedule V. Fired 30 rounds.
'Plating'tochhlqﬁe qhowﬁ in Tsble 71T,
Rosults, Exa:ulnation of the fired liner showed (1) 50% of the
Mo plato‘wan removed frbn‘bullot‘séat and O,R, area after 30 rounds.
J(F105); Liner Mo 395, Coated with +010" molybdenum,

_izigg_g_ggggggg!‘ Graduslly incressed lozds of double base

' (20’ H G.) Powder. Ball ¥-2 bullets, Firing Schedule ¥V, Fired 100 roundl.

. Plating technique shown in Table, XVIIL.
Results, Examinstion of the fired liner shoved (1) mo plate

was resoved ffomAthe edge of the bullet seat after 30 rounds, (2) sfter
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100 rounds phite wiy renoved completely from the bullet seat, (3) K¢

of the plate wud rezoved froa Lind wad groove surfrce nt O.ite nnd to 4%

beyond O.Re, aud () from 4" to 8" 'bo'yo‘nd 0.F. 501 of the plute wus re-

moved froa the 1l:nd grooio surfuce.
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CONFIDENTI AL

793




COUF LI ATIAL

.= 1589 -

(b) Yo plited ctellite s2l Liners.

, 3) ¢ Linnr Mo 270GS. Couted slth molyblenuam 2,003" thlck,
Rifled, landa Ue0US™ hizhe D.Bs powder. Bsll d-i bullets. 47 rcunds
fired, Firing Cchiedule II.

The molybdenua plate wys deJoult:d upon the stollite curfice
from molybdenua curbonyl vzpore The liucr w.s first heatod =ad plited
aith a very thin protective coutiag xt 6259C, tiasen hewted to 900°C and
cooled immedintely to the pluting temperature, Tuls required ~bout 10
ainutes, The liner wes then plated =t 530°C for 33 hours. The resulting

. plate had a hardness of about 600 micro-Vickers ;

Ranults,

S (1) Ramoval of molybdenum began on tho-l.thrraund »t reduged
pressure and nt the end of the test wus ne:rly coamplete for the full longth
of the liner.

(2) The failure of the plute occurred in the following se-
quence:s (a) appearance of & smull circuler dark area, (U) whlch becomcs a
blister, (c) then spalling of the plate. ’

(3) The exposed stellite showed z network of crszcks shich
were very severs at the breech end of the liner,

| | | (4) The liner failed because of pcor adhesion of the molyb-

- denum piato to the stellite surfzce shich, of itself, 15 not resistent to
the attack of the gases from double base powder. .
J(F49) 3 Liner Mo 285, Coated with molybdenum 0.00i5" thicks
Rifled, lands 0.C05* highe D.B. powder. £1l rounds =i vreduced cherge.
Ball ¥-2 bullats., 6 rounds fired.

CONFIDFNTIAL
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Fesulty, '
(l) At the O,N, removel of the pl: te bogun \t the -nd

round (nd txtend d. ru_.zldly the full longth of the llmr. Fz:lilure was

edeantly cuused by poor vdnerence 2f tig .lite to the liner.

J(P50)3 L;nnr o ggg, Coatcd #ith’ moljbdonum Dedul5" tnick.

kifled, 1: nds 0.005" nlghe oinglo base INUR vowder, Bsll -2 bullets.
14 rounds fired, V

‘.'l‘ixo fabrication of the liner =nd Lts costing wxs the 3:ae

#s thut described in ;(rw).

‘The flane temperatura of this LR posder wia about 600°C

. lower then that of the double buse powder ordinarily usode..

Results,
(1) Reaoval of plate from the stellite zurfuce began after

"the 3rd round snd grow worse but it za8 not :u é.we_rg a8 wita double base

' po'u:der.

(z) Poor adherence of the l.te to the bore surface asy be
due to selective difﬁmlon of tie molybdenum into thne stellite, the fallures
cccurring nhere littls or no molybienum has du_‘fus_od belos tne stellite
surfac.. | |

J(FS1): Linor Yo 292, Coated wita uoljudenun 0.003" talcks Rifled,

lznds 0,005" high. Single base IUR powder. Ball B2 bullets. 86 rounds
fired, Firing Schedule II.

Reaults.

(l) Tne plote blistered cfter the lzt.h round, and by the end of

tas test this condition had spread tarom hout tue Liner resulting in the loss

of molybdenum fr:m many sasll _ur_eas.
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(2) Under similar oonditions 'AL,.AV and AP wers all less

thnx;"'thn double base powder was used,
\ :

J(r52)s Liner Mo 295, Coated with ux;lybdonun 0.003" thick.. “Rifled,
lands 0.008" high., Singls base IMR powder, Ball ¥-2 bullets. 1¢ rounds
fired,

This liner was plated twice besause of tmublﬁ in plating op-.
erstion, |
| The second plating was substantially the same as that desoribed
in J(Pr49). The total plating time was 51 hours,
Resylts. (1) The plate began to fail at the third round, the
nature of the failure being the sasme as that already deseribed above,

J(rs8): Liner Mo 307. Coated with molybdenus 0.003" thick. Rifling,
lands 0,005* high. Single base IMR powder. Ball M-2 bullets. 40 rounds

fired., Firing schedule V.

After eotching oversise, the liner was heated in vacuo at 1000‘0 ,
for 11 minutes and cooled. After a slight additional etch to clean the
surface, the liner was plated for 24.5 hours at a carbonyl tespersture of
29°C and a hydrogen pressure of 0.075 ma. In other particulars, the treat-
mont was identicsl with that given the liner in J(F49).

Results. (1) The plats failed before the 10th round with a
charge of 350 grains and & pressure of only 51,500 p.s.i. The failure
grew worse as firing progressed.
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J(F55)1 Linoy Mo 315, Cocted with rol,bdenum 0,005" talck.
Rifled, linds 0.03' hilgbe Single base LR powder. Boll M-2 bullots,
0 rounds flred, Firing Schedule V.

Platlng Jrocedure suown ia Tuble XXe

ReBulty, |

(1) After 20 rounds the molybdenum plute appeerod to be
unchanged, but failure occurred during the next 60 rounds.

(2) Plate wus removed from the linds o;ly st the 0,K, and 3/4"
beyonds Plate in the grooves was not domaged.

(3) Peilure of the plute occurred where engraving stresses
asre nigaest, hence it may be due to (a) thinning of the molybdenusm plate
and/or (b) inadility of molybdenum plate to withstind the engraving stresses
or the wesr caused by friction of the bullet.

J(FsN1 Liage Mo 338, Coated with molybdenum .0047" thicke

Iring Cogditions, Gradually increesed loads of single base
INR powder, Ball 4-2 bullets. Piring Gchedule V. Fired 230 rounds.

Plating procedure shomn in Table XX.

Regults, Examination of the fired liner showed (1) plate was
unchanged after the usual 30 pressure rounds, (2) after first erosziom group
there was slight failure on the driving edge of the land just beyond the O.R.,

~ (3) the plate was removed from the lands for a distance of 1-7/3 inches beyond

O.R. after the second erosioa group =nd (4) thore wog no plite failure in the
grooves. o
Test was concluded because of land fe ugro.
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I(FE3)s Liney o 343, Corted «its o0U5™ zolybdenuns,

Piriop Condl*,!rms. Crzdunlly Lacreas-d lozda of uningle Lace

_[4R sowder, Ball IJ-ZYbuLLot»s._ Flring Cciedule Vo Fired 120 rounds,

‘Plating procedure suown in Table XX.

hgsults, Exsnlnstlon of tue flnd lincr showed (1) failure

of tie p].. te sturted on tite driving edge of tao lands, () serious rouoval

_ of the plate from the l.unds nad grooves for tae cntira 'Lr.-ngt.n of liner after

' t.hu first erosion group, and (3) groove fallures ;:robably, pertly coused by

gas l.oakago.
Test was concluded beczuse of both lund :ud groove fallures
,[12121; Linor Uo 349, Costod wita ,005% molybdenum. |
Piring Conditions, Graduslly increnling loada of nlnglo balo
LR powder. Ball B-2 bullets.. Firing Cchedule V. Fired 240 roundse
Platlng procoduro shown ln Table IX. B

Results, Exaninstion oftthe fired liner showed (1) olute wags

_sdhering to Stellite surfface after 240 rqund:, and (3) no bread.ng slong the

cirivlng edge of the lands.

- J(r74)s Liner Yo 353, Coated with .003" molybdenum,
Firing Conditions, Gradually hcreaslng loads of double bsase

(208 n.c.) oonders Ball ¥-2 tullets. Firing Scnedule_v. Fired 100 rounds.

' Plati.ng techniqun suown in Table X.

‘Results, Fxamination of the flred liner showed (1) Plste
started failing during the firat 5 rounds ¢nd (2) pressu:_'e drop of 13,300
p.s.i. aftor 100 rounda. ' V o

‘rest wag concluded becauso of thia pl te failure.
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J(F76) s i.gn:a;' io 357, Corted with ,0us" 'mo_lybdeu‘um.A -
Firing 6bn<1;§tonu, Cradu=lly mcrwnuln‘g louus of pingle
biue IdR powder, Ball 3;;-2 bullota. Firiug Scheduls V, lFlri;d 10. 'rdunda.
Plating techalque shown in Table XX. .
Rosults, Ixaminxtion of tae fired linor shomed (1) plate
usg removed from tan driving snd leawurd edges of the luuds rorv ?-1/2 inches
snd (Z) no removal of pliute from grooves,
Test wns conoluded because of the lend failure.
w,_ Corted with +005% molybdenum
Firing Conditions, Graduslly incressing lozds of single base
LR powder, Ball 4~2 bullets. Firing Schedule V. Fired 100 mﬂﬂf’"
Plating tecihiigue showa in Table XX.
Results, Examination of the fircd liner shéwed (1) faillure
of the bond sturted during the third S-round pressure group, (2) after 30
rounds the plate failure extcnded to 2-1/2 inches beyond the O.R., and (3)

lurge sreas of plate were removed from the lsand ond groove surfxce rfter 100

rounds. Por this rexson the .teat. was concluded,

J(rg);s Liner Mo 366, Couted with ,005" molytdenum.
Mm Gradually hxéreasing lo:ds of single bese
DR powder. Ball M-2 bullets, Firing Schedule V. Fired 100 rounds.
Plating technique shown in Table XX.
Results, Exsmination of the fired lincr showed (1) plute failure
on the lznds started during tﬁe 15 pressure rounds at 53,300 p.c.i.(cu.),
(2) plate failure occurrod on the lamds for a distence of 3/8* beyond tae O.R,

after 100 rounds, and (3) no plats fallure in the \g'rooves.

Test wes concluded because of the ebove lind failure,
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J{Fa2)s Lin:r ¥o 367, Coated with 005" molybdenua,

Flring Conditlong, OCradually increualng loamds of single brse
IUR poadér. Boll M=2 bullots. Firing Schedule V. Fired 240 rounds.

Plating tochnlque shown in Table XX.

Results, Examinatlon of the fired linor sh-wed (1) élute
failure on the driving edge of the lands sterted dprlng the 15 pressure rounds
at 57,600 pesed.(cu.), (2) after 100 rounds the condition of the plate was the
same 28 in Liner Mo 366 (J(rs1)), aﬁd (3) after 240 rounds I.OZA éf‘ .t.ho plate
was off the bullet seat, complitely off 8 lands At iho OuFey and for s distance
of 3/4® beyond O.R. 2nd In soell arnas off the grooves. DBeyond the O.Re the
driving edge of the lend was chipped. Test sna concluded bacause of this
conditiocn. -

J{2)s Liner Mo 368, Coated with 007" molybdenum,
| Miring Conditiong, Graduslly incressing louds of single base
L'R powder, Ball ¥-2 dullets. Firing Schodule V. Fired 240 rounds,

Plating techmigque shown in Table XX.

Results, Examinction of the fired liner showed (1) after 100
rounds the only failure was chipping alonz the driviug edge of the lands for
1/10" at the O.Re, (2) after 240 rounds, the plate wns off the edge of the

bullet seat and the driving edge of sll lands at the O.R. 3nd '{3) beyond the

O+Re the lund znd groove surface was unchznged.

J(F25)s Liner Mo 369, Coated with 005" molybdenum.

Firing Conditjons, Gradually increasing loads of single base
IR powder. Ball M=2 bullet. Firing Scheduls V. Fired 240 rounda,.
Plating technigue shown in Table XX.
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Results, Examluation of tie fired Liner shosed (1) after 100
rounds toe plate was off the cdge of bullet scat, chipped on driving edpe of

11l 12nds at J.P, and up to 4" beyond 0.R,, (2) alter 240 rounds 508 of tu~ .

. platé a8 fo the bullaet scat in the 12 ofclock sector « purtiully off the lands

4t the 0.R, und off in small uress in tue grooves up to 1+1/2% beyond the O,Ry,
and’(B) 56yond 1—1/2" thé pl-te was In.good condii’.wn, except for sligﬁvt. chip=
ping on driving edga of landse ’ .
I(r36); Liner Mo 372, Conted wita 007" uolybdenul. |
Eging Cond‘tiona, Gradually mcroaalng loads of single base

_I-‘JR powdor. Ball =2 bullats. !'iri.ng Schedulo Y. Pired 240 rounds,

Plating tocimiquo shown {a Table XX.
Rosults, Examinztion of the firod liner showed (1) no failure

of the plate vas observed during the first 100 rounds, (2) after 240 rownds,

slight failure occurred on ‘the dri.ving edge of the landa ‘ahd in the grooves,
and (3) beyond 1/4* from the O.R. the plate wes in good condition,
w Cozted with .QQ7* molybdenun.

Firing Conditions, Cradually increasing loads of single base
LR posder. Ball -2 bullets, Piring Schedule V. Fired 30 rousdss

Plating techniquo sho'n in Table XX.

esul&g. Examination of the fired liner showed (1) plate failuro

occurred in the £irst five pressure rouads, {2) continued fj.ring.caused more
removal of plate from the lands, and (3) plate failnre occurred on the lands

‘2t 3 and 5 ofclack for a distance of 1-1/2 to 2-1/2 inches.

3(£95)s Liner Mo 379, Couted with .0075" molybdeoume -
Firing Conditions, Gradually incressing loads of double base

(208 N.G.) posder. Ball ¥-2 bullets. Firing Schedule V. Fired 240 rounds.
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élntloy technique aho#;l‘ln Tuble XX.

‘Fosults, Exaalaatlon of the fired Linor whowed (1) saull holcs
were mude by ﬁe».rhxg awey of the nodulo;“a_t'tnr 30 pressure rounds, (2) after
100 rounds failure progresuwd st the tmull holea.md (3) severe pl.r«f.e fail-

ure erosion of the exposed stellite occurred «fter 240 rounds,

J(F103)s Liney o 323, Conted with 008" molybdenum.
Firing Conditlong, OCraduslly increasing louds of double base
(20% NeGe) powdere Ball M-2 bullots, Firing Schedule V. Flred 240 rounds.
Plating technique shown in Tuble XX. |
Rogultp, Exsminatlon of tie fired liner showed (1) no failure at
0.Re ufter 30 roundsyand (2) pl.te was romoved froa bullet sext ond grooves

aftor 100 roundse The exposed stellite wsg soverely croded sfter 240 rcunds,

ﬂﬂg‘n. “:LOQ. 1]2192“ Linors Mo 297, "o 399, Mo Q_l" s Conted
with .010" molybdenume ' | '

Piring Conditions, Graduslly increasing lozds of double buse
(20% N.G.) powder. Ball M-2 bullots. Firing Schedule V. Liner Mo 397 wss

fired 240 rounds; the other liners (Mo 339 =nd 'fo 404) were fired 100 rounda.
Plsting technique shown in Table.XX. _
Results, The liners failed in the suzae msnnors Exnminbtlpn of
the fired liners showed (1) liners Jdo 399.and Ho 404 showed slight peeling
of plate after 30 rounds snd severe fallure after 100 rounds, and (2) liner
Ho 397 showed slight peeling of plate after 100 rounds :nd severe fallure

after 2,0 rounds.
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1!&1101; Lin.r o 404, Co:t:d sith ,0125" molytdenum.
Firing Conditlons, Graodually anrcnning lards of double brae
(20% N.G.) po:dore Ball M2 bullots. Firing Scheduls V, Fired 240 rounds.
Plrtlayg technlque shom in Table Ix.
Pasults, FExsain:tion of tiue flred linar showed (1) slignt
failure of tho plate nlong tho edge of tie bulls t seat after 30 rounds, (2)
after 100 rounds small zreas of plite were removed from the grooves near O.F,,

and (3) »ftor 240 rounds, thora was sovers acoring of the exposed Stellite

surfaces
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Ge SPRAYED UOLYIDRNGA COATINGS S

_LEZ‘Zl memm "assachusetts -

_ I'nutituto of Technology, 8% liner coated with Mo for 2", onoqth bore,
D.B. ponder, Buu'u.n ullets, 51 rounds fired,

The method uf fnbricating thia 1iner was doviaod by Prof, Joha,
Sulff, A carbon mandrol was firat cotted to a t.hioknou ot 0,020"=0,050"

with molybdonun by means or_ the spraying tachnique, The coated mandrel

was then sintered in hydrogen to reduce the oxide content and to promote
d.nsiﬁ.oatim. After -intoring, the mandrel, together with itl ccating,
was ground to & 1/32'- per foot taper for 27 of its length, The sacoth
borogunntooltubomthupoundtoth.mhpcwdphmuth
0,001" of coppers The mandrel was cooled in liquid air and pressed into 7
thog\mtubo.bjafarco of 300. 1ba, The carbon mandrel wes finally bored
out and the interior Iurtuo was pound toa dhntcr of 0,510%,

- Rosults. (1) The molybdemm surface dsveloped a deep crack during
the first 16 rounds, but there was no change in its appearance after 51>
rounis, The cause of the orack vas probably a lack of ductility in the

- molybderum and a failure to follow the expansion of the steel liner during
' firing; (2) Thm was no chesker-wark cracking; (3) There was an incrsase
in dianeter of the smooth bore of 0,002 dus to permanent expansion of the

liner,

J(£30): Mﬂammm- Smamtonoé

welding technique, Massachusetts Institute of Technology. 8¢ stesl liner, -

coated with ¥o + 1/2% N4 for 2% Smooth bore, D.5. powder, Ball H-2 .
tullets. 45 rounds fired, o
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The techniqus of fabricating this 1ing_r was the same as that
desoribed in J(F29), The purposs of spraying r{iok\el with the molybdenum
is to produce e density of the aprayed coating of »;§er_v99_% aftor sintering
in hydrogen,

Rogults, (1) At the end of 10 rounds the coating-had 3 longitudinal
cracks at the breech end of the liner, After 45 rounds thers were 7 sush
cracks, 3 of which were at the mussle end of tl;p coating, Tne cause of -
the cracking was the same as in J(F29); (2) Théro was no chsoker-work;

(3) Thers was an inoresse in diameter of the amooth bere of 0,0025" due to

permaneat expansion,

“ J(F3l)s Molybdagum plate contsining 1/2% pickel and 3% coppere

] Spraying and roller welding technique. Massachusetis Institute of Tachnology.

8% steel linor coated for a lergth of 2%, Smooth bore. D.B, powder, Ball

© M=2 bullets, 45 rounds fired,

~ The technique of fatricating this liner was the sanme as that
described in J(F29),
| Regults. (1) The only difference between the erosion observed and
that anorab.d in J{(F30) and J(F29) is that more cracks developed and the
surface was pitted,
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Te  IARCO_LUDRITE COATINGSS

J({45)s Parco Tubrite coatipg op monghloe gun ak-ol barcel. ’ Coating
0,0005" thick, Rifled, lands 0,015" high, .3, pomdar. a.T. “opper banded

bullots, 159 rounds fired,

The Parco Lubrits coating ;roduces n chanlcal reaction on the bore
surface which results in a non-metallis oileabsorptive filam consisting
chiofly of a mixturs of iron ard manganese phoaphates, The gun bore was
givon this trsatment by the Parker fust iroof Comgany, Datroit, ‘lichigan,

Reaults. (1) There was sovere orncking and incipient melting of
the bore surface at and beyond the 0.R.; (2) A comparison of the erosion
characteristios of this test with those in the control tests C(F6) and
C(F12) shows that the Parco Lubrite bore does not improve the performance
of the barrel even in a single particular,
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Comments by J. F. Schairer on #Final Report from the Franklin
Institute entitled, "The Behavior of Gun Liners and ‘
Coatings Tested under Conditions of Hypervelocity ¥

page 1 ,
Chromium plate is not listed as one of cbatingé-tésted
The Harvard Report lists Cu plate--this is not covered at all
‘in the FI report ' , '
last line - Change ﬁas the outer coating" to "as the bore

surface material"

page 2 o o
Under séction 1 line 2 add "breech" after the word 'short’

1ine 3 add "bore surface before "coating ¢

page 5
Why not state in what direction "copper" pressures differ

from true plezoelectric measurements of pressure

page 6
line 2 - insert the word "breechﬂ before "liner"
The sentence forming lines 6 and 7 is ambiguouS’(the phys.
properties were not "thus tested in thewform-of'liners")

Table II, p. 7
Table II is uhsatisfactory as fbilows: 'No data on elongation
or reduction of area are given. These have an important

bearing on behavior ;t-the liner. The data quoted under

SAE 4150 is that for WD 4150, In Table II since no compn. ;})‘
(R

-
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Table II (comments continuod)

1s given for silicon steel properties mean nOthing. fhe mp
of Cr is taken from Internat, Critical Tables and doesvnoﬁ
represent the better data obtained by Climax and Westinghéusg.
Data for cobalt is for cast metal which values have little ‘
bearing on properties of plated metal - same applies to copper

Mo tensile strength 256 - 315 x 103 psi should be explained - only
on fine wireﬁﬁ%t on material of suitable size for a liner.

- Also hardness varlies with amt. of mechanical working.

W - 577.4 x 10° psi for tensile stremgth should be explained -only
on fine wire. _

Some data on tensile strengths of Cr-base alloys are available

in Climax reports.

~ Table III, p. 8 _

line 2 - "SAE 4150" should read "WD 41507

Why is SAE 9260 included in this table? A

Is nothing more available on the silicon steel than that it
had 4.7% S1? |

Under stellite No. 21 ranges of compn. are given except for Mo
and there is no mention of Ni (which is always present) and
iron is more than a small amount - why not use the Army speci-
fications for stellite No. 21 compn.?

Why is stellite No. 6 listed here? It was not tested at FI.

‘page 13 section 1 (a) line 1
thea
"better" +Ba what?
section 1 () line L
Change to "manufacture from metal powdef by powder

metallurgy" ,,f&
: 761




ﬁagé 13 (cqntinued)
| ) sécﬁlon 1-(a) line 6

Change "proper work und heat treatment" to "intensive
mechanical working accompanied by suitable annealing
treatments"

section'1r(a) lines 7 & 8

Change to "Poﬁdef metallurgy ingots intensively worked

| in only one direction give etc®

“section 1 (a)

At end of first paragraph add the sentence:- "Mechanical
working (cold work) increases the strength, hardness and
ductility of molybdenum"

section 1 (a), second paragraph,

- Change first sentence to "Many of the early liners tested
had no mechanicsl working or insufficient mechanical
working and consequently they failled after a few rounds
by longitudinal cracking or by surface cracking and

_ spalling of metal."

p. 13 near bottom under Low Hot Hardness
. Change first sentence to:- "Pure unworked molybdenum or
pure molybdenum which had had insufficient cold working
has been shown to be too soft at the temperature reached
in guns during firing to withstand the engraving stresses.
As 2 resulf there 1s a gradual deformatlion of the rifling
(particularly at or near the origin of rifling) by the
- swaging impact of Jacketed ot banded projJectiles.m

\ 0§ -
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page 14
line 1 - after "hardened” add "elther by intenslve cold working
or by a combination of alloying and cold working," ‘
lines 3 & 4 - after "materlal™ say "shows excellent resistance
to powder gas erosion" A | _
under "Low Coef. of Expeansion" line 4 - change nout of line" ‘to
fout of alignment® |
and line 5,at end of this line add nfrom rotation"
page 14 | |
under "Low Coef. cf Expansion" near bottom of page

change line 1 "corrected" to Mcounteracted"

page 17 . |
Comment on item(3) Barrel Temperature Measurements

This item 1s of general interest not only for Mo liners but also

all 1liners tested and should be moved to section A(3) "Conditions

of Firing"® whieh begins on p. 3 of this report .

page 22 '} - o

under (%) Composition - Change first sentence to "The pure
molybdenum so far tested was too soft to withstand engraving
stresses without some deformation of the rifling.ﬂ and ndd_
"It may be possible telcofreet this by a change in fhe fabri-
cation process to start with larger metal ingots which wili
permit more hardening by intensive cold working."

and in line Y-delete n{hot workﬁmg - in the case of molybdenum
most of the forging takes place below the recrystallization

{ydr”gﬁaxalthough hot is really cold uorking. ,
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‘page 22 Under (#) Composition in line 4

After the word "comparison" put an asterisk and the following
footnote:

"Attention should be called, however, to the fact th#t these
liner materials were produced while developing a fabrication
schedule and the several matcrials were not.all subjected to
the same amount of cold working or comparable working ond

annealing schedules,"

- page 22 Last senﬁeﬁée - Change to "These results suggest that Mo with

0.1% Co gives the best and most consistent performance."

page 30 o .
First line - insert the word m"cast" before "chrome base slloy
liners.”

page 31
Line 8 - change (d) to: "Dimensional changes due to improper
stress relief of one of the liner castings caused a bore

cdnstriction thereby resulting in excessive powder pressure"

' page 35 - E of page

Add (e) Tantalum is avallable only in thin walled seamless
‘tubes. If tantalum liners were used it would be necessary
:_to find a satisfactory method of attachment in the gun bore.
In order to perform thék¥‘§ts the thin walled tubes wvere
- inserted in a steel shell and the tantalum held in place by

a déliberate galling of tantalum against steel.




. page

page

page

page

page

36 |

line 1 - after "boredrilled" add "from cast tubes"

line 4 - Change "Stellife 1s" to "Stellites are"

line 5 - Change "It is" to "They aren

line 7 - Change "alloy" to "alloys"™ and "is" to Mare"

line 8 - Change "it has a melting point®™ to "Stellites have
melting points®" and lines 8 and 9 "being" to
"and 1ie in the range between 1250 and 1320°C"

40

last line of (2) z-nickel - change to "is characteristic of

most high-nickel alloys"

46 -

2nd;1ast paragraph on this page -‘-

I would not# use the words Madheres well.® In the process Just
desoribed, there is no question of lack of adhesion (inadequacy
of the chromium to steel bond) but failure is by undercutting.
I would say "there is no undercutting and the chromium remains

~on the steel bore surface."”

46 2nd last 1line - ‘

Change “adhering" to "remaining™ or delete "adhering"

57

Under Conclusions
(a) Change to “Chfome plate is resistant to powder gas erosion

(both chemical attack and melting)."

60
Change first sentence to %A1l the liners tested failed by melting 4
of the surfacd." P’ !




page 62
Under (a) Composition
Change 2nd line MSevere gas erosion" to "Helting"
Just below middle of page - delete M"gas erosion" and take

"(melting)" out of parentheses

page 63
~ Under (1) Types of Failures Observed - _
This report 1lists only low melting point. The Harvard Report
also cltes lack of chemical reslstance. |
Under Low Melting Point - , ,
Change to "All liners falled by a combination of chemicai
attack and melting." -
a8 on p. 148 of the F.I. report the cause of faiiure is
stated as poor bonding. There is no mention 6f poor

bonding in the Harvard Report.

page 65
Under item (1) v
Change last sentence to M"Practically 100%-ofAthe plate‘was
removed from the bore surface principaily by meltihg but'the ‘
removal may have been accelerated by simﬁltaneous chemical

attack presumably by sulfur from the powder gases."

Under (3) Conclusions ' 7 3 _
Change to "Nickel-tungsten alloy plates do not have the propef'

combination of thermal properties and resistance tQ chemical

attack by powder gases for bore protection under'hypervelocity

conditions.”

™
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pugb 66

Under (a) Frocion Rcsl;tantrproperties of the Duplex Plates Tested
The first_sentence is not Quite.a true statement. When ,007" Co
-+ .003" Cr wac one of the duplex platcs tested one can hardly
say "All the dgg&ex_blatQ§ tested have used chromium as the
main plate to protect the gun steel against the thcrmal effects
_’of powder ga#es.” _

After the end of the first paragraph under this section I would
add something 1like this - "Undercoats beneath chromium plate
were tried to improve the performance of chromium by preventing
the "mushrooming" of ceracks in steel beneath chromium as de-

seribed on page 46 of this report. Erosion resistant metals
(or materials ﬁhought'at the time of test to be.erosion
resistant--viz. nickel) were used as undercoats even though
their melting'poiﬁts‘were known to be relatively low."
Then add a ﬁaragra§h —

"In the case of a thick undercoat (0.007") of cobalt under
0.003" of chromiuﬁ,‘the duplex plate prevents thermal altera-
tion of steel. Ductile and chemically resistant cobalt is
protected from melting by the chromium. When the chromium
pléte:cracks,'pbwder gases entering cracks reach chemically
reSistant'céﬁait'instead of easily attacked and altered steel.

The cracks do not "mushroom.m" "

" page 67 ‘ , _
' Items (f) and (g) near top of page
The purpoSes‘alleged for these tests are at variance with allega-

tions in previous sections of the F.I. report, where it was

)13



page 67 (continued) _

bointed out that adhérence of Cr plate was not a problem
and that‘undercu~~1n7¢§ng chemicai attéck of steel beneath
the plate cau3é6€§a ﬁgg. The purpose of tests of (f) and
(e) shouid have been to provide

| (1) an erosion resistunt bese (and in the case of the
Co-W alloy a base that was both erosion resistant and hard
enough to prevent deformation during firing) which would
improve the utilization of Cr with 1ts high melting point

but unfortunate tendency to crack.

- page 71 first line

Vhat is meant by "severe gas erosion" - melting? or chgmical
attack? or both?

page 97 : ’

Under E(F}5) end E(F6) - Liner made by boring a 3/4" swaged rod

Uhdei E(F7) - Liner B-16-4 was bored from a rod of unworked
‘molybdenum A

and E(F10) - Liner made by boring a 3/4" swaged rod

page 99 - , ’
Under E(F11) - Liner made by boring a 3/4" swaged rod

page 118 v
Under E(F29) v
Line 7 and 1line 9 - Change "due to volume change In the Cr-base
alloy" to "due to dimensional changes in.the bore probably
caused by failure to relieve casting stresses" ’

(No volume changes have been observed in Cr-base alloys.)

.)/ #

o
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paée 113 (contd)
Under E(F30) Results section item (2)

Change to "Constrgbtion_of grooves due to dimensional changes"

poge 145
Under J(F36) Results section |
Explain "powder gas erosion" by parenthetical "(meltiﬁg)".
Under J(F37) Results section item (2) |
Explain "severe gas erosion" by parenthetical "(meltiﬁg)".

page 146
Last sentence under J(F38) - What i3 meant by "powder gas erosion"?
melting? or chemical attack? or both? |

page 148 ‘
In both tests J(F32) and J(F33) the statement is made that failure
was due "to the lack of a good bond betﬁeen the alloy and
- steel surfeace" or "plate was removed probably as a result of
poor bonding® _
This does not check with "types of failure observed described"
on page'63 of this F.I. Report or with Harvard's findihgs.

page 149
Under J(F19).last few words
What is meant by "powder gas erosion"? chemistry? or melting?
or both? o
pages 149 & 150 | _
Last few words on p. 149 and first few on p. 150 - This does nqt‘.
check vith the statement made on p. 70 of this réport ﬁhere




page

page

"

-.,.,
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pages 149 & 150 (contd)

“.both roftening and cracking around crystal grains admitting

gases to the underlying steel were gilven as reasons for failure.

150

line 2 - Explain "powder gasmérosion"-- chenlstry? or melting?
or both?

151 .
lines 6 and 9 - Fxplain "powder gas erosion"

154

. middle of page - Fxplain "powder gas erosion"

page

page

159

near bottom of page - 4th & 5th last lines - Has 1t been shown
that stellite No. 21 M™is not‘resistant to the attack of the gase§
from double'basé»powder"? fs»not the effect of such éases merely

a thermal one (melting)? - - | o

167 o
lines 4 and 5 - There is a word missing, probably "and"
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T 31w OEFICE OF SCIENTIFIC RESEARCH AND DEVELOPMENT
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Dr. H. B. Allen, Deputy Chief

Division One, NDRC /) Y™ belke WA
The Franklin Institute , ‘ Wl ‘fﬁf '
Parkway at 20th Street ,4/(,..(’ ,F wiis .l
Philadelphia 3, Pennsylvania Vai /I s
Doar Dr. Allent:

Herewlth I am retwrning copy Ro. 2 of the report by the Franklin Institute
wnder contract ORMsr-533, entitled "Final Report on the Behavior of Gun and
Coatings under Conditions of Hyper Velocity". This is an excellent contdbu-
tion and I am delighted that it has been prepared. The following are a few
comments which I offer for consideration in connection with its final review
by your office.

On Figure 25, which follows after page 58, the O.R. at the end of the
second line of the legend is likely to be confusing to some readers — as
- 1t was to me on first looking at it. I missed the periods and, wmntil I
cams back to it a second time, read this as "or". If it is not convenient
to expand the abbreviation on the diagram, perhaps the periods could be
made a 1little heavier before final reproduction.

Page 10, line 8 from bottom. The word wmelting® is given in quotation
marks, presumably to leave it an open question as to whether erosion in a
gw 1s characterized by a melting of the bore surface. This appears to cast
wnecessary doubt on the reality of melting, which, as a result of some of
the investigations under Division One, seems to have been thoroughly es-
tablished,

Page 13, line 2 from bottom. It probably would be desirable, for easy
reading, to add the word M"pure" before the word "molybdenum".

Page 24a, section éc. ". . . the following composition and design

Lt
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Dr. H, B. Allen -2 , 29 October 1945

charnacteristics have given the best results ..." The list includes thc two-
stave construction; but on page 21 it 1s admitted that the twisted two-stave
liner remnined in butter condition than a stralght two-stave liner. Perhaps
a further explanation is needed as to what is ieant by "best results,

Page 72, section 5. A further word or two in explanntion of the differ-
ence in proceas of applying the molybdenum plite, in compsrison with the previous
electroplates might be desirable,

There is anothar matter of verbisge in this and other reports that I
would like to call attention to, althouzh it may not be practicable at this
stcge to do anything about it. I refer to the use of the vword "chrome! in
place of "chromium" whenever it precedes "plate" or"plating™. Apparently,
chrome is an allowable synonym, but I see no point in using it except to save
a trifling amount of space. The word chrome is more general in meaning, and
in some c:ses, the:refore, less informative. Thus, we have chrome-tanning
as a process using chromium salts and we have chrome-brick for articles cone
taining some chromite. If we mean chromium to describe a certain composi-
tion of plate, why do we not use that word? This is probably relatively
unimportant but I thought I would raise the question.

Very truly yours,

5{ )4_ G damers

A
Lo H. Adams
Chief, Division One
encl )




vLottar of Submittal

° Diviaion One

National Dofenne Research Comnittese
of the’

. -Office of Sclientific Research and Devel opmont
: ' lauhimton, D, C,

28 June 1546

Ry dear Mr, Norcrosa:

‘ I have the honor to forward herewith a report ent it led
*The Bshavior of Oun Linarsand Coatings “ested Under Conditioas
of Hypervelocity", which had been submittoed to Diviaion One by Dr,
Hichnl H, Smith, ’l‘echnical Reprasentative for Contract OlllsreB3T,
with a letter of trnnsmittal dnted 16 October 1945, It is to be
considered the final report of thias specific project under cone
tract and covers the work performed from 1 Auguat 1942 to 28 Ted=
mary 1946,

-~ The work described in thia reporf i3 partinent to the
project designated by the War Department :s ODe52 ertitled "Gun
Zrosion, Including Kyporvelocit:r Gun Studles," and t2 the proJect
desiznated by the lavy Deprrtment os NO=23 ontitled "Gun Erosion,®
During its later stages it was carried out under the z'idance of
the Browion Project-Control Committee,

I have aceepted thia report end have approved it for dupe
lication and issuance as a formal report from Dyision One to the
National Defenze Resmarch “ommittee, The initin! distribution of
the report appears on the following nage.

' Ta spectfully subri-ted,

L. H, Adams
ch ef, Division Cne

Mr, Cleveland Norcross, Fxecutive Secretary S

Natioral Defense ‘iesearch Ce"n'wittee ,




FOREWORD

Eroston-Rasistant Mhtorials Progran of Divisién 1, IDRC

In an oarly stage of the studles of gun orozlon by Division 1, IDIC, the conclusion
ms reached that, because of thelr lack of resistance to thermal and chemical attack by
pomier gases during firing, no steels or hirh-iron alloys showed promise as bore-surface
mterials under severs firing conditions using conventional propellants, Yet ateels are
the only materials of adequato strength and ductility that are available in sufficient
quantitiss for gun tubes, Therefcrs, in order to protect tha bore surface of such steel
tubes from contact with pomier gases (at loast near the bresch end where powder-gas ero=
sion is most severs), attention was conceritrated on the development of suitable srosion=
resiatant liners, linings, elsctroplates, and other coatings.

laboratory tests showed that only the following pure metals were resistant to cheme
1cal attack by the powder gases: chromium, molybdenum, tungsten, tantalum, nickel, co-
balt, and copper.  Only the first four of these have a sufficiently high melting point
for severe service under hypervelooity conditions, where melting is an important factar
in the failure of a steel gun-bore surface. Other tests showed that in sddition to
suitable resistance to therml and chemical attack, & bore=surface material must hmave
sulficient hardness and strength at temperatures attained during firing to prevent def-
ormtion of the rifling by impact of the projectile amd must be sufficlently ductilato
prevent serious failure by crecking.

In the fall of 1642 efforts were started on the preparation of chromium and molybde-
mm in form sultabls for use as gun limers. By the following summer preliminary tosts of
molybdenuns 1iners had emphasized the importance of hot=hardness as a charactoristic of a
successful gun-liner raterial, Further study of thias phase of the subjsct led to the
discovery that the stellites, which are cobalt-chromium alloys that have the property of .
hot-hardness, are erosion-resistant as long as the bore=surface tempsrature is not too
hgh, By that time the experience of aerial corbat during World War II had indicated
that erosion was limiting the performance of the caliber .50 aircraft machine gun.
Application of the discovery, of the erosion-resistanco of stollites to this problem lad
to a remrimbla increass in the performance level of this pun. A parellel attack on this
same problom led to the development of nitrided, chromtum=plated caliber .50 barrels.
Eventually it was found that an evon botter barrel was obtained by using a stellite liner
with the steoel bore chromlumeplated ahead of it, provided that the stesl barrel was
strengthenad by making it slightly heavier {especially at the forvari end of the liner)
and perhaps by using a special steel having greater strength at high temperaturs.

Exparience with stellite liners in the-caliber .50 machine gun, which has a muzzle
valocity of slightly over 3500 ft/sec, showed that this alloy is "marginal" with respect
to its use in a hypervelocity gun. In this particular application a stellite liner lasts
long enough t0 furnish a useful sun-barrel 1ife, dbut when it fails, it does so by melti-
ing along surface cracks. That fact coupled with the cbservation that the surface of a
stellite liner melts when {ired with double-base pomder, even at velocities around 3000
ft/sec, showmed that a material of higher meliting point was reeded for* general use in
hypervelocity guns, that is, ones firing at muzzls velocities greater than 3500 ft/sec.
Hence the search far such & material was continued at the same time that further efforts
ware made to extend the application of stellite.

Some phases of both groups of investigation were carried out by the sams contraci-
ors of Division 1, among whom 2 remarkable splrit of cooperation mas evident. This co-
operation was fostered by the formtion in October 19hh, of the Resistant-laterials Pro-
Joct-Control Committee, to the monthly meeting of ‘which the different contractars sent
representatives. It mas only through their continual willingness to help each other that
80 much was accomplished in such a short tims.

During World Yar II caliber .50 gun barrels that had been nitrided and chromium=
plated and others that had had stellite liners inserted in them were used in combat. Pro-
duction of stellite~lined barrels of other sizes mas ready to start at the time of
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Japanose survender. Tho furthsr application of stallite and other hot~hari alloys to
small-darms barrels ia baing continuod by the Crana Comuany for tho War Dopartmont, Con=
tinmation of the investijgation of chromium electroplates, of duplox eloctroplates of chro=
mium ani othor matals, and of alloy elactroplates of varlous pairs of motals at the
Natiorsl Bureau of Standards s baing supported jointly by the War and Navy Departments.

The moat promising raterial for ganoral hyparvolooity sorvice appears to be a hard-
onod molybdenum, Sufficisnt progress was made in {ts dewelopmant during World War II so

“that nowthe Navy Dapartment is supporting the efforts of tho Wostinghouse Elactrie Corpo=

ration o make this material in a form suitable for gun linors, following the plans dovel=
oped under the auspioes of Division 1, NDRC. Similarly, the Yar Dopartmsnt plans to have
the Union Carbide and Carbon Research laborataries contenus tha development of chramiume
base alloys, which also appear very promising for hypsrvelocity service. Vapor-phase
plating does not appear to be sultable for gun bores, and therefore it is not being con=
tinued for this purpose, although it may have industrial applicatioms,

Thus the resistant-materisls program of Division 1, MDRC, during the past three am
a half years has led to the development of & very successful solution to the erocsion probe
1len in machine guns amd marrowed the search for bore-surface matarials capable of out-
standing performance under hypesrvelocity conditions to three clearly defined progreme, sll
of wiich are now being pursued by the Armed Services. The wark carried out by the con=
tractors of Division 1, IDRC,in the dewelopment of erosion-resistant mterials is describe
od in & series of 28 reports. They are listed on the following pages for convenience in
Teference and also as an imication of the scops of the resistantematerials progrem, To
them have been added the titles of five other reports dealing with stellite liners and
chrexiun~plated gun beres, which wire prepared under the supervision of the lLinsrs and
Coatings Project=Control Comxittes,

g S, Burlew, Chairman
Jo Fo Schairer, Sscretary
Resistant=!hterials Project=-

Control Commdttes
Division 1, NDRC

Dacenber 11, 1545
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CoONFIDZNTIAL

REPCHT3 -ISSUED BY DIVISION 1 » IDAC, DEALING WITH ZH0SION-RESISTANT MATERIALS

Roport Numbor

A,

~and He 9. Jorabak.

Title, Author, Cortractonr

Gonnral Matoerials Testins and Iiner Davelopment :
"tals tostod as orosion vent plugs,” by O, H. Loeffler, G, Phair,

Oaophysical laboratory, C.1.W., Contract OEMsr-51

"Tha results of erosion vent-plug tests particularly under conditions
of Jacreasod sevority amd their application to the erosion of guns,”

by He S. Jorabek, G, Fhair, D. Enagonlo, and C. A, YacQuaid.

Gaophysical laboratory, C.I.%,, Contract CElsr-51
"The behavior of pun linors and caatings tested under conditions of hy-

’ Pﬁmlocity," by He He Smithe -

Franklin Institute, Contract CElsr=533 -

")atallopraphic oxamination of gun liners and coatings tested under o
conditions of hypervelocity," by J. N. Hobstetter.:
Harvard Urdversity, Contract OElsr=537

"Erosion tosts of raterials in the form of short liners ina ca]ibe:.;
+J0 machins=gun barrel® by J. Wlff,
Johnson Automatics, Inc,, Contract OElisr-465

"Soarch for ercsioneresistant materials for guns by firing rarticless
of metal and alloys into a vacunn to determine their structural and

‘¢chemd.cod bohﬂﬂm‘.l. by E. Pos:-ﬂko

Goophysical laboratory, C.I.¥., Contract OEMsr=51
'R QEARA 0 X K KK 6K XTI DR XM MK K K KX FHR MR F iR

XXRXRIHE XRXAX TXRXK . :
X XXLRAR KK X TR :

co‘tam, N. A Zie;:lel‘, anmd Jo Pe :-hgw.
Crans Company, Contract CEMsr-629 : :

"The testing of erosion-resistant materials and the development of im=
froved machine~gun barrels," by E. F. Osborn.
Goophysical laboratory, C.I.¥W., Contract OEMsr=51

"Spomrassive certrifugal inmelting for the premaration of alloy tubes,”
by P H. Brace. » .
Wostinghouse Rescarch laboratories, Contract OEMsr~91S

_"Gun-barpel liners — materials, 1risertion, and testing," by F. D. =

Chromium, Chromium Flating, and Chromium Alloys - V

"The preparation of chromiun by the thermal decomposition of chromium ~
1&1"13," b}' Do R. Moshar. ’ - T
Vestinghouse Research laborataries, Contract OE¥sr~915

"Chrordun and chromdun-base alloys as raterials for gun liners ;" by'
P. He Emce, Je Fe scmi“r’-and Ne A. '.:iegler. .
Westinghouse Rescarch laboratories, Contract CEMsr~915

"Experimental electroplating of gun barrels," by W. Blum, A.. Bremner, and
vo A. Ime. - °
¥ational Bureau of Standards, Transfer of Funds from OSRD

"An 11lustrated study of the effects ‘of firing on chromium-pla ted
bores of caliber oS0 mchine guns," by H, E. Mermin and M. Sullivan.
Geophysical Iaboratory, C.I.W., Contract OBtisr=51 : .

"Symposium on chromium=plating, Washington, D.C., Yay 1k, 1943."
Division 1, MDRC. L o
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Report MNumber
3 ?E 051D

A-h15

A-h16

A-l17

A-%18

A=}i53

A-bls7

A=};55

A=h63

A-l19
A-4120

A-liSls

A=)j21

A=l2Zz
A-l01

A=102

A=}23

A=hi2ly

A=}i25

6186

6187

6188

6189

6524

6518

6526
653k

6k
6Lg1

6535

6h92

6493
s

645k

6495
6L96

6

Titls, Author, Comtractor

"De\}elopment of chromium-base hot-hard alloys as gun-liner materials,”
by R. M. Parke and F. P, Bens.
Climax Molybdenum Company, Comtract OElsr-1273

C. Stellite and Other Hot-Hard Alloys#

"Stellite No. 21 as a material for gun liners — metallurgy and prop-
erties," by W. A. Wasler. ,
Union Carbide and Carbon Research laboratories, Contract OEMsr-1330

“Studies of the application of stellite No. 21 to g\m bores,® by T. H.
Gray ard D. R. Mosher.
Westinghouse Research laboratories, Contract OEMar-915

"Investigation of certain methods for making gun ltxdnga of stellite
amd other erosion-resistant materials," by J, Wulff.
Massachusetts Institute of Technology, Contract OEMsr-608

‘Production of stellite linars by centrifugal casting,” by W. H.
Shallenberger.
Industrial Research Laboratories, Contract OEtisr-1k2h

"Pilot plant for production of modified caliber .50 machine-gun barrels
with stellite ltners, by R. A. Mueller, F, D, Cotterman, and J. P. }agos.
Crane Company, Contract OElsr=1k1}

“Production of modified caliber .30 machine~gun barrels with stellite
1irers,” by Y, Y, Johnson, Jr.
Johnson Automatics, Inc., Contract OEMsr—1L33

"Production of modified caliber 30 machine=gun barrels with mmu
1liners,"
Remington Arms Company, Contract Ostsrwi}38

“Preparation and testing of 37-mm stellite liners," by J. S. Burlaw.
Division 1, !DRC

"Refractaloy 70 as a liner material for caliber .50 blmh," by T. L Orey,
Westinghouse Research laboratories, Contract OENsr—915

"Hastelloy C as a liner material for machine~gun barrels »" by F. S. Dadger
and W, A, Wissler,
Haynes Stellite Company and Union Carbide and Carbon Research labora~
tories, Contract OElsr-1330

D. YVapor-Phase Flating

"pPyrolytic plating from the carbonyls of molybdemum, tungsten, and
chromdum,” by L. He Cermer ard J. Jo lander.
Ball Telephone laborataries, Contract OElNsr-1184

“The semi=-commercial preparation of molybdenum carbonyl,® by A. L. McCay.
Climax Nolybdenum Company, Contrazt OElsr-1320. .

"The synthesis of chromium hexacarbonyl," by B. B, Owen.
Yale University, Contract OEJsr-l31§

"Pyrolytic plating of chromium from the vapor of chromium hexacarbanyd,*
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